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Abstract 
The oxidation of methane to methanol by methanotrophs is catalysed by the 
enzyme methane monooxygenase (MMO). In some methanotrophs two distinct MMOs 
are found; a membrane bound particulate (pMMO) and a cytoplasmic soluble (sMMO) 
methane monooxygenase. The intracellular location of MMO is dependent on the 
copper-to-biomass ratio. pMMO is expressed when the copper-to-biomass ratio is high 
(>0.25 IlM) and sMMO is expressed when the copper-to-biomass ratio is low «0.25 
IlM). Although a great deal of information is known about the expression of MMO 
with respect to copper, the molecular mechanism regulating this 'copper-switch' is 
unknown. The aim of this study was to gain further insights into the regulation of 
MMO expression by copper ions. 
The complete sMMO operon, including the regulatory genes, mmoR and mmoG 
were cloned and sequenced from Methylosinus sporium. The genes encoding sMMO 
are present as single copy in methanotrophs. In this study, duplicate copies of the 
mmoX gene encoding for the a-subunit of the hydroxylase were characterised at the 
molecular and biochemical level. Mutational analysis indicated that the second copy 
was not essential for sMMO expression and also gave insights into the role of the 
water soluble pigment in siderophore-mediated iron-acquisition. sMMO-minus 
mutants were complemented by heterologous expression of sMMO genes from 
Methylosinus trichosporium and Methylococcus capsulatus. These experiments 
demonstrated the amenability of Ms. sporium to genetic manipulations facilitating its 
use as an alternative model organism for molecular analysis of MMO regulation. 
To aid transcriptional analysis of the MMO operons, a series of integrative and 
broad-host range promoter probe vectors, containing g{p, xylE, kmR or lacZ, were 
constructed and tested with the copper repressible sMMO 0'54 promoter. The 
usefulness of these reporter genes for the high-throughput detection of sMMO mutants 
was also assessed. The expression of LacZ in Mc. capsulatus via the sMMO 0'54 
promoter yielded a powerful genetic screen for sMMO mutants. This system was 
coupled with transposon mutagenesis for surveying the genome on a global scale for 
sMMO regulatory genes and served as an alternative assay system for detecting 
sMMO expression. This assay system had the specific advantage in that it was more 
sensitive and in this context, it was selective for sMMO-minus mutants defective only 
at the transcriptional level. In collaboration with Robert Csaki (University of Szeged), 
a transposon mutagenesis protocol was established from which a number of sMMO-
minus mutants were identified. 
Genetic tools developed in this study were used to investigate copper mediated 
transcriptional regulation of the pMMO 0'70 promoter, sMMO 0'54 promoter and its 
regulatory genes, mmoR and mmoG. Transcription of the pMMO operon was shown to 
be constitutive. The sMMO 0'54 promoter was reconfirmed to be copper repressible and 
mmoR and mmoG were shown to be essential for transcription initiation from the 
sMMO 0'54 promoter, but were not regulated themselves by copper at the 
transcriptional level. All of these data were confirmed by constructing chromosomal 
gene fusions with various reporter genes, RT-PCR and RNA dot-blotting. 
The availability of the Mc. capsulatus genome sequence during this study 
allowed targeted mutagenesis to be carried out on copper targets responsible for copper 
transport. 'Knock-out' mutants of a copper transporting gene and a non-ribosomal 
peptide synthetase gene responsible for the putative biosynthesis of methanobactin, 
which is believed to be involved in delivering copper to pMMO, were constructed. The 
phenotypes of these mutants with regards to MMO expression are yet to be analysed. 
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1.1 Introduction 
Methanotrophs are a group of Gram-negative bacteria that have the unique 
ability to grow aerobically using methane as their sole source of carbon and energy 
(Hanson & Hanson, 1996). They catalyse the oxidation of methane to methanol at 
ambient temperature and pressure using methane monooxygenase (MMO) (Murrell et 
al., 2000a). Besides methane, the only other substrate generally utilised by 
methanotrophs for growth is methanol (Best & Higgins, 1981). There are a few 
exceptions where strains have been found to utilise methylamine and a narrow 
selection of other C, compounds, but none have been shown to grow on multi-carbon 
compounds and methanotrophs are generally regarded as obligate for their requirement 
for methane (Bowman et al., 1993). However, the relatively recent isolation of the 
facultative methanotroph, Methylocella silvestris BL2 changed the perception of 
methanotrophy as being an obligate trait as it was shown to grow on multi-carbon 
compounds such as acetate and ethanol (Dunfield et al., 2003; Theisen et al., 2005). 
In some methanotrophs, methane is oxidised to methanol by two different 
MMOs, a membrane bound or particulate MMO (pMMO) and a cytoplasmic or 
soluble MMO (sMMO) where their expression is dependent on the copper-to-biomass 
ratio during growth (Prior & Dalton, 1985b; Stanley et al., 1983). The regulation of the 
expression of MMO formed the basis of this study and in this chapter, a general 
introduction to the biology of methanotrophic bacteria is given. 
1.1.1 Basic characterisation and taxonomy 
Bacillus methanicus was the first methane-oxidizing bacterium to be isolated in 
1906 by Sohngen. This discovery was largely over-looked until the early 1950s when 
Foster and colleagues re-isolated similar methane oxidising strains to Bacillus 
methanicus, which was renamed to Pseudomonas methanica and another new methane 
oxidiser, Methylococcus capsulatus (Dworkin & Foster, 1956; Foster & Davis, 1966). 
This sparked-off renewed interests into methane oxidising bacteria. However, it was 
not until 1970, when the pioneering work carried out by Whittenbury et al., (1970), led 
to the isolation of more than 100 new gram-negative, aerobic methane-utilising 
bacteria (Whittenbury et al., 1970). They were separated into five groups, which 
included Methylomonas, Methylobacter, Methylococcus, Methylocystis and 
2 
Methylosinus depending largely on morphological type as they possessed 
intracytoplasmic membranes in two distinct arrangements (Figure 1.1), types of resting 
stage formed and other physiological and morphological traits. 
Figure 1.1 Transmission electron micrographs of sections of type I (Panel A) and 
type II (Panel B) methanotrophs. Type I methanotrophs possess bundles of 
intracytoplasmic membranes, whereas type II possess intracytoplasmic membranes 
arranged around the periphery of the cell. Taken from Dalton, (2005). 
The current taxonomic scheme for methanotrophs is largely based on the 
original classification scheme proposed by Whittenbury et al., with the exception of 
several additional genera which have been grouped into two types, depending on 
various characteristics (Table 1.1) (Hanson & Hanson, 1996). 
Table 1.1 General characteristics of type I and type II methanotrophs. RuMP, 
ri bulose monophosphate pathway; PLF A, phospholipid fatty acid. Adapted from 
Hanson and Hanson (1996). 
Genus name Type Characlerislics Type I Type II 
Methy/obacter G+C content of DNA (mol%) 49-60 62-67 
Methy/ococcus Membrane arrangement 
+ Methy/oca/dum -Bundle of vesicular disks 
Methy/om icrobium Type I Peripheral membrane 
- + 
Melhy/omonas Resting stages formed Cyst Cyst or exopore 
Methy/osarcina RuMP pathway present + -
Methy/osphaera Serine pathway present 
- + 
Methy/ocystis Major PLFAs 16 18 
Methylosinus Type II Proteobacterial subdivision y ex 
Methylocella 
Methylocapsa 
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1.1.2 Ecological significance 
Methane is the most abundant organic gas 10 the atmosphere and ab orbs 
infrared radiation more effectively than C02 and thus contributes to global warming 
(Hanson & Hanson, 1996). In addition, the mixing ratio of methane in the troposphere 
is increasing more rapidly than any other atmospheric trace gases (Koschorreck & 
Conrad, 1993). This has generated a great deal of concern and recent attention has 
been focused on quantifying the global methane budget and the factors leading to 
increased atmospheric concentrations (summarized in Table 1.2). It can be seen that 
one of the major sources for methane is from rice production, whereas the major sink 
is from the degradation of methane by hydroxyl radicals in the atmosphere. However, 
it has been suggested that microbial oxidation of methane accounts for about 5-10 % of 
the global methane budget (Crutzen, 1991). 
Table 1.2 A summary of methane sources and sinks (global methane budget). All 
amounts are in Tg/yr (I Tg = 1 x 109 g). Taken from: http://anthonares.netl2006 
10 I l pub lished -research-synopsis-methane. htm1. 
Sources/Sinks Sourc(' Sink [\;et 
Amount Amount Emission 
Animals 80 0 80 
Wetlands 142 27 115 
Rice Paddies 577 477 100 
Biomass Burning 55 0 55 
Termites 44 24 20 
Landfills 62 22 40 
O~en waters 85.3 75 .3 10 
Methane Hydrates 10 5 5 
Coal Production 58 18 40 
Gas Production 58 18 40 
Photochemical Oxidation 0 450 -450 
Soil Consumption 0 10 -10 
Methanotrophic bacteria are the only known group of bacteria to grow on 
methane and thus considered to play an important role in regulating atmospheric 
methane concentrations (Conrad, 1996). They are ubiquitous in the environment and 
have been isolated from soil, fresh water and marine environments (Bowman et aI. , 
1993; Whittenbury et al. 1970). In a recent study, Crenothrix polyspora, a filamentous 
bacterium present in drinking water was described that had the ability to oxidise 
methane and contained a phylogenetically unusual particulate methane 
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monooxygenase gene (Stoecker et al., 2006). The widespread distribution of 
methanotrophs in diverse environments including hot springs (Bodrossy et aI., 1999), 
saline and alkaline aquatic environments (Trot senko & Khmelenina, 2002), soda lakes 
(Lin et al., 2004), sub-arctic peat soils (Dunfield et aI., 1993) and acidic peat bogs 
(Dedysh et al., 1998) further indicates their potential significance in regulating global 
methane concentrations. 
1.1.3 Biotechnological applications 
The re-isolation of Pseudomonas methanica (Dworkin & Foster, 1956) which 
initiated a sudden flurry of research activity leading to an appreciation of the basic 
physiology and biochemistry of methane oxidising bacteria, represents an early 
example of the influence of renewed interest in the biotechnological applications of 
methanotrophs. However, over the past 30 years, there has been considerable interest 
in methanotrophs for their potential use in bioremediation and biotransformation, 
especially after the discovery that sMMO was capable of oxidising a wide range of 
substrates that included alkanes, alkenes, alicyclics, aromatic ethers and heterocyclic 
compounds (Colby et al., 1977). This was a result of a lack of substrate specificity, 
thus resulting in the fortuitous ability of sMMO to co-oxidise a wide range of 
compounds. This was attractive for the development of biological methods for 
bioremediation and for the production of single cell proteins (SCP) and bulk chemicals 
with high commercial value such as propylene oxide (Smith & Dalton, 2004). 
Methanotrophs were found to have the ability to co-oxidise trichloroethylene 
(TCE) with efficiency at least two fold greater than any other bacteria (Tsien et al., 
1989). It has been shown that a type II methanotrophic bacterium, phylogenetically 
related to Methylosinus species was capable of synthesising sMMO and to readily 
oxidise TCE (Alvarez-Cohen et al., 1992). The current use of methanotrophs for in-
situ bioremediation of TCE would be ineffective since the sMMO enzyme is largely 
not expressed due to repression by copper ions. A better understanding of the 
expression of MMO by copper ions is required, which would make it possible to 
regulate the expression of sMMO in the environment, thus leading to a greater 
potential for their exploitation in bioremediation. 
The synthesis of enantiopure compounds for the pharmaceutical industry is 
regarded as very important ever since the thalidomide case, where one form was 
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administered as a sedative, whereas the other form caused fetal abnormalities during 
pregnancy (Perri & Hsu, 2003). There are many synthetic routes to produce single 
enantiomers such as synthesis via resolution of racemates, synthesis from chiral 
building blocks and synthesis via chiral auxilaries, but they all involve time consuming 
procedures and importantly they are often not economically feasible for large scale 
synthesis. However, nature continuously performs stereoselective transformation using 
enzyme catalysts such as lipase from Candida rugosa (Berglund, 2001), which after 
some modification by site-directed mutagenesis (SDM) improved its enantiomeric 
selectivity for R-3-hydroxyisobutyric acid (De la Casa et al., 2002), required for the 
synthesis of D-captopril, an anti-hypertensive drug. This raises the possibility of 
exploiting the oxidation property of sMMO to increase stereoselectivity. A current 
research project in the Murrell lab is aimed at exploiting the substrate specificity, in 
terms of altered activity and stereo selectivity, by SDM of the active site of sMMO. 
Despite the recognition of the vast potential of methanotrophs, it was not 
exploited in an industrial setting until 1994, when Norferm AS was established to 
commercialise and develop BioProtein technology. At present, Norferm AS is created 
as a 50/50 joint venture between DuPont and Statoil, where Methyloeoeeus eapsulatus 
Bath is used to produce BioProtein, a protein-rich biomass, using methane-rich natural 
gas as sole nutrients and energy source in a BioProtein plant capable of having an 
annual production of 8,000 tonnes. The current market for BioProtein or its derivatives 
are suitable for fish and animal feedstuffs, as a nutritional source and as a functional 
ingredient. Further research is ongoing for the use in human food, which could open up 
a large market (www.norferm.com). 
Recently the sequencing of the Me. eapsulatus genome was carried out jointly 
by University of Bergen and The Institute for Genomic Research (Ward et al., 2004) 
and the genome of Methylomonas strain 16a has been sequenced by DuPont. The 
availability of the Me. eapsulatus genome sequence will enable us to improve our 
understanding of the biochemistry of the organism and may enable metabolic 
engineering of novel pathways incorporating engineered methane monooxygenases for 
the synthesis of valuable pharmaceuticals and other products from methane and other 
inexpensive starting materials. 
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1.2 Methane oxidation pathway 
The biochemistry of methane oxidation in methanotrophs have been 
extensively studied and the general pathway is well established (Figure 1.2) (Anthony, 
1982). 
- TYPE 1-METHANOTROPH~ 
RuMP PATHWAY _J 
NAD'llAD< ~ jPQQH2 
2 '" ___ • CH~ CHjOH r 
MMO MDH 
r H,O 'H 
HCHO '" J 
1 
FADH 
SERINE PATHWAY 
TYPE II METHANOTROPHS 
NAD+ NADH+H+ 
I> HCOOH '" J • COl 
FDH 
Figure 1.2 Pathway for oxidation of methane and assimilation of formaldehyde. 
The first step in methane metabolism is mediated by methane monooxygenase 
(MMO), which oxidises methane to methanol. This reaction utilises two reducing 
equivalents to split the 02 bond of the dioxygen where one of the oxygen atoms is 
reduced to form H20 and the other is incorporated into methane to form methanol. 
Methanol is further oxidised to formaldehyde by methanol dehydrogenase (MDH), 
which is a periplasmic pyrroloquinoline (PPQ)-dependent enzyme (Anthony, 2004). 
Formaldehyde is an important metabolic branch point between dissimilation to 
produce ATP and assimilation to make new multi-carbon compounds for proteins, 
DNA and lipids (cell biomass). In methanotrophs there are two major pathways for 
carbon assimilation. The type I methanotrophs assimilate carbon into cell biomass 
predominantly via the ribulose monophosphate (RuMP) pathway, whereas the type II 
methanotrophs use the serine pathway. Approximately 50 % of the carbon is 
assimilated into cell biomass at the level of formaldehyde and the remaining 50 % is 
further oxidised to C02 via formaldehyde dehydrogenase (F ADH) and formate 
dehydrogenase (FDH). The dissimilatory reaction (oxidation of formaldehyde -7 C02) 
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is involved in generating reducing equivalents for biosynthesis and initial oxidation of 
methane. It is noteworthy that in some recent studies, alternative routes for 
formaldehyde dissimilation have been found in methanotrophs (Vorholt, 2002), which 
may serve the purpose of formaldehyde detoxification and formaldehyde dissimilation 
for A TP production. 
1.3 Particulate methane monooxygenase (PMMO) 
The particulate methane monooxygenase (pMMO) is found in all known 
methanotrophs with the exception of a recently isolated methanotroph, Methylocella 
silvestris (Dunfield et al., 2003; Theisen et al., 2005). The pMMO has a narrow 
substrate specificity compared to sMMO, nevertheless, it is capable of oxidising 
alkanes and alkenes up to five carbons in length, but is unable to oxidise aromatic or 
alicyclic compounds such as naphthalene and cyclohexane (Burrows et al., 1984). 
The synthesis and expression of pMMO are associated with the development of 
an extensive network of intracytoplasmic membranes, where the membrane-bound 
pMMO resides, and it is known that addition of copper stimulates the activity of 
pMMO, both in-vivo and in-vitro (Prior & Dalton, 1985b; Stanley et al., 1983). It is 
not known whether the increase in pMMO activity is due to the increase in membrane 
content or due to the copper ions or both. However, in a study by Semrau et al. (1995), 
electron paramagnetic resonance (EPR) spectroscopy was used to investigate the 
nature of copper ions associated with membranes and with pMMO activity in Mc. 
capsulatus. The data suggested that the primary role of copper is in the active site of 
the pMMO rather than simply a structural one (Semrau et al., 1995). Recent studies, 
which incorporated an improved purification protocol for pMMO (Basu et al., 2003; 
Lieberman et al., 2003) and the subsequent resolution of the crystal structure of 
pMMO (Lieberman & Rosenzweig, 2005a), verified the essential role of copper in 
enzyme catalysis. It is now generally accepted that pMMO is a copper containing 
protein, which has an obligate requirement for copper, since copper is required for both 
expression and activity (Nguyen et al., 1994; Nguyen et al., 1998). 
8 
1.3.1 Biochemistry ofpMMO 
The purification of membrane-bound pMMO enzyme has proved to be much 
more difficult than sMMO because removal from the hydrophobic environment of the 
lipid bilayer causes the loss of activity, either by altering the native protein 
conformation or by disrupting critical interactions with other proteins and lipids 
(Lieberman & Rosenzweig, 2004). 
The first reliable purification procedure for the isolation of the pMMO complex 
from Mc. capsulatus was achieved using dodecyl J3-D maltoside as the solubilising 
agent (Smith & Dalton, 1989). Further purification of the protein complex into distinct 
polypeptides was unsuccessful and resulted in the complete loss of enzyme activity. 
The subsequent development of improved solubilisation procedures identified the 
active pMMO complex consisting of two components, the hydroxylase (pMMOH) 
which comprised of three subunits (a, J3, and y) of approximate masses, 47, 24, and 22 
kDa subunits and a putative reductase (pMMOR) comprising of 63 and 8 kDa proteins 
(Basu et al., 2003; Zahn & DiSpirito, 1996). 
The organisation of the three pMMO polypeptides comprising the hydroxylase, 
the subunit stoichiometry, and the total molecular mass of the holoenzyme are 
controversial. It was originally assumed that the pMMO polypeptides from Mc. 
capsulatus were present in a 1: 1 : 1 ratio corresponding to a uJ3y heterotrimer of -100 
kDa (Yu et al., 2003). An additional report by Lieberman and co-workers (2003), 
following the active purification of pMMO of a molecular mass of -200 kDa, 
suggested that the pMMOH polypeptides are arranged in a U2J32Y2 dimeric 
configuration (Lieberman et al., 2003). The recent crystallisation of pMMO from Mc. 
capsulatus (2.8 A resolution) has completely changed our perception of the 
organisation of the pMMO polypeptides, as three copies each of the a~y subunits were 
found to form a cylindrical a3~3Y3 trimer (Figure 1.3 ) (Lieberman & Rosenzweig, 
2005a; Lieberman & Rosenzweig, 2005b). It was interesting to note that two of the 
three metal centres modelled as mononuclear copper and dinuclear copper, were 
located in the soluble regions of each a-subunit (PmoB). However, based on previous 
studies, the J3-subunit (PmoA) of the hydroxylase was believed to contain the active 
site for methane oxidation, as it was shown through binding studies with labelled 
[ 14C]-acetylene, a powerful inhibitor of MMO (Cook & Shiemke, 1996; Prior & 
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Dalton, 1985a). The difference in the location of the copper centers and the binding of 
acetylene has raised some doubts about the exact location of the active site. The 
availability of the crystal structure has provided new insights into the molecular details 
of methane oxidation by pMMO, however no assessment of the activity of the crystals 
or biochemical analysis of the oligomeric form was undertaken and it is quite possible, 
based on their description of the enzyme preparation, that the crystals were of inactive 
proteins. 
Figure 1.3 The crystal structure of pMMO trimer. The PmoB subunit is shown in 
yellow, the PmoA subunit is shown in magenta (red) and the PmoC subunit is shown 
in green. Taken from Lieberman and Rosenzweig (2005a). 
In parallel, but in a independent study, Kitmitto and co-workers (2005) 
described the characterisation of the 3D structure of a highly active fom1 of the 
pMMOH enzyme, determined by electron microscopy and single-particle analysis at a 
[mal resolution of 23 A (Kitmitto et aI., 2005). The biochemical and structural data 
were in accordance with the recent crystal structure (Lieberman & Ro enzweig, 
2005a), which indicated that pMMOH is trimeric, with each monomer unit composed 
of three polypeptides of 47, 26, and 23 kDa. In addition, side 'holes' in the 
periplasmically exposed region of the protein were identified, which were proposed to 
be the areas of potential substrate entry (Figure 1.4). 
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Figure 1.4 The 3D structure of purified pMMOH. The central hole indicates 
putative site for substrate entry. Taken from Kitmitto et ai. , (2005). 
The pMMO enzyme is generally accepted to be a metalloenzyme, however, the 
exact metal ion composition of the pMMO active site is the subject of much 
controversy. All purified pMMO preparations have been shown to contain copper, but 
varying stoichiometries, ranging from 2 (Basu et aI. , 2003; Lieberman et aI. , 2003) to 
15 (Takeguchi & Okura, 2000; Yu et ai. , 2003; Zahn & DiSpirito, 1996) copper ions 
per a.~y complex have been reported. The reasons for these discrepancies are unclear, 
but it might be related to procedures for washing the cells and membranes or the 
methods used to determine the protein concentrations. Lieberman (2005a) recently 
reported the presence of a mononuclear zinc centre shown in the crystal structure of 
pMMO (Figure 1.3). However, since there are no other reports of the presence of zinc 
and the fact that their purified pMMO prior to crystallisation was free of zinc, led to 
the conclusion that the zinc was derived from zinc acetate, which is present in the 
crystallisation solution. Thus the physiological presence of zinc remains an open 
question. In addition, there are disagreements over both the presence and amount of 
iron. The presence of ~0.5 - 2 iron per a.~y complex have been reported (Basu et ai. , 
2003; Lieberman et ai., 2003; Zahn & DiSpirito, 1996), whereas other studies reported 
the active preparation of pMMO containing no iron (Miyaji et aI. , 2002; Nguyen et ai., 
1998; Yu et ai., 2003). Interestingly, in an early study by Stanley et ai. , (1983) the 
importance of iron for pMMO was demonstrated using ferric and ferrous iron 
chelators, in the presence of which pMMO activity was severely reduced. In support 
for the presence of iron, DiSpirito and co-workers have proposed that the catalytic 
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center contains both copper and iron (2:2 ion ratio) with an additional 6-8 copper ions 
bound to copper binding compounds (CBC) termed methanobactin, which is a 
chalkophore (Zahn & DiSpirito, 1996). In subsequent studies, the role of 
methanobactin was shown in-vitro to be associated with pMMO activity (Kim et al. , 
2004; Kim el al. , 2005). 
In addition, the physiological source of reductant is not known. However, in-
vitro pMMO assays, measuring the oxidation of propylene to propylene oxide, are 
usually performed with NADH or an effective artificial reductant, duroquinol 
(Shiemke et al., 1995). The demonstration that duroquinol donates electrons directly to 
pMMO and substitutes for NADH in whole cells and purified membranes opens up the 
possibility that an in-vivo pool of plastoquinol could be a source of reducing 
equivalents. Despite the significant progress in the past few years towards mechanistic 
understanding ofpMMO, the quest for identifying the active site continues. 
1.3.2 Genetics of pMMO 
The genes encoding the pMMO have been cloned and sequenced from a 
number of methanotrophs including Me. capsulatu and Ms. lriehosporium (Gilbert et 
al. , 2000; Semrau, 1995). In all cases the genes are found to be clustered on the 
chromosome in the order pmoCAB (Figure 1.5). 
pmoC pmoA pmoB 
500 bp 
I I 
Figure 1.5 The structural gene organisation of pMMO operon in methanotrophs. 
The pmoCAB operon encodes for the y, p and a subunits of pMMO, respectively. 
Initially through hybridisation studies, it was revealed that some methanotrophs 
contain multiple copies of the genes encoding these pMMO subunits. This was later 
confirmed by cloning and equencing of the duplicate copies of the pmo 'AB operon 
and a third lone copy of pmoC in Me. eapsulatu (Stolyar et al. , 1999). Sequence 
analysis revealed that the duplicate copies are virtually identical with only one amino 
acid difference between the two copies in Me. capsulalus and the copies in 
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Methylosinus trichosporium OB3b and Methylocystis sp. strain M (Gilbert et al., 
2000) were also nearly identical. The duplication of the pmoCAB genes shows 
substantial similarity to genes encoding similar subunits of a related enzyme, ammonia 
mono oxygenase (AMO), which are also found in multiple copies and also arranged in 
the order amoCAB. Comparisons of pmo and amo gene sequences suggest that they 
could be evolutionarily related (Holmes et al., 1995). 
It was shown by Southern hybridisation of DNA from various methane 
oxidising bacteria isolated from freshwater lake sediment that the number of identical 
copies varied from one to three in each isolate (Auman et al., 2000). Of the three 
components of this operon, the pmoA gene has been demonstrated to be highly 
conserved evolutionarily and has been used effectively as a functional marker for 
surveying methanotrophic diversity in the natural environment (Holmes et al., 1995; 
McDonald & Murrell, 1997). Using such an approach led to the discovery of novel 
pmoA-like sequences, thus indicating that novel and as yet uncultured species of 
methanotrophs exist (Henckel et al., 2000; Holmes et al., 1999; Stoecker et al., 2006). 
Attempts to characterise the duplicate copies were made by constructing 
chromosomal insertion mutations in all seven genes of pMMO in Mc. capsulatus 
(Stolyar et al., 1999). The subsequent mutant analysis revealed that the two-pmoCAB 
copies were functionally equivalent and thus both playa role in oxidising methane to 
methanol. Neither copy of the pmoCAB operon was found to be absolutely essential, 
however, copy two was found to be more important for growth and whole cell methane 
oxidation than copy one. The construction of null mutants for the third pmoC gene was 
not possible, nor was it possible to construct a double mutant in both copies of the 
pmoCAB operon, indicating that pmoC3 may be essential and that the cell requires at 
least one copy for normal growth. 
Transcriptional analysis of the pMMO promoters by primer extension analysis 
indicate that the pmoCAB gene clusters are transcribed from a single transcriptional 
start site located 300 bp upstream of the pmoCl gene for Methylocystis sp. Strain M 
(Gilbert et al., 2000) and 135 bp and 132 bp upstream of pmoC1 and pmoC2 in Mc. 
capsulatus (Stolyar et al., 2001). In both cases, immediately upstream of the putative 
start site, a consensus sequence for 0 70 promoters was identified. Similar consensus 
sequences for the 0 70 promoter can be found upstream of pmoC in other organisms. 
The pMMO genes of Mc. capsulatus has been shown by Northern blot analysis to be 
transcribed into a polycistronic mRNA of 3.3 kb (Nielsen et al., 1997). However, the 
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transcriptional regulation of pmoCAB operon by copper IOns IS unclear and IS 
discussed in Section 1.6. 
1.4 Soluble methane monooxygenase (sMMO) 
The soluble methane monooxygenase (sMMO) unlike pMMO, is cytoplasmic 
in location, expressed when copper is limiting for growth and only found in some 
methanotrophs (Murrell et at., 2000a). Thus sMMO can be viewed as an alternative 
methane monooxygenase, which may provide competitive advantage to those 
methanotrophs that only contain pMMO as they will be able to colonise a wider range 
of habitats. It is noteworthy that the phylogenetic distribution of soluble 
monooxygenases is scattered amongst methanotrophic genera and are considered to be 
'homeless' enzymes since they are not maintained permanently in a particular bacterial 
lineage (Leahy et at., 2003). 
Apart from the unique ability of sMMO to oxidise methane to methanol under 
ambient conditions, it has the remarkable ability to oxidise a wide range of non-growth 
substrates, which include alkanes, alkenes and aromatic compounds including 
naphthalene, making it an attractive enzyme for its exploitation in biotechnology 
(Sullivan et al., 1998). It is noteworthy that despite the lack of substrate specificity, it 
has been shown through kinetic studies of sMMO that methane is oxidised more 
efficiently than any other alkanes (Green & Dalton, 1986). A comprehensive list of the 
substrates sMMO is capable of oxidising can be found in a recent review by Smith and 
Dalton, (2004). 
1.4.1 Biochemistry of sMMO 
The cytoplasmic location and the stability of the sMMO enzyme allowed its 
purification from several methanotrophs (Fox et al., 1989; Pilkington & Dalton, 1991; 
Woodland & Dalton, 1984). 
The sMMO enzyme is a multi-component enzyme. It utilises dioxygen to 
catalyse the initial hydroxylation step in the pathway for methane oxidation. It is 
known that sMMO consists of three-components: a hydroxylase protein composed of 
three subunits arranged in a (a.f3yh configuration in which the a., f3 and y subunits have 
masses of 61, 45 and 20 kDa, respectively; a small effector or coupling protein, protein 
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B (MmoB), which has a mass of 16 kDa and a 39 kDa NADH-dependent reducatse 
(MmoC) (Figure 1.6). 
Figure 1.6 Schematic representation of the multi-component soluble methane 
monooxygenase enzyme complex. 
The crystal structure of the hydroxylase components of sMMO has been solved 
from Mc. capsulatus (Rosenzweig et af. , 1993) and Ms. trichosporium (Elango et al. , 
1997) to 1.7 A and 2 A, re pectively (Figure 1. 7). 
Figure 1.7 Model structure of the hydroxylase. The a.-subunit is shown in blue, p-
subunit in green and y-subunit in orange. The binuclear iron centres are repre ented by 
two red spheres on the a.-subunits. Taken from Ro enzweig et al. , (1993). 
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Structural analysis confinned that the a-subunit of the hydroxylase contains a ~­
hydroxo-bridged binuclear iron center (Green & Dalton, 1988). Although the three 
components of sMMO are necessary for substrate hydroxylation, it has been shown 
that the hydroxylase alone can activate dioxygen and hydroxylate various 
hydrocarbons when it is chemically reduced to the diferrous state (Liu et al., 1997). 
These observations, in addition to previous work using labelled [14C]-acetylene (Prior 
& Dalton, 1985a), which specifically bound to the a-subunit of the hydroxylase, gives 
strong evidence that this region is almost certainly critical for dioxygenase activation 
and substrate binding and thus constitutes the active site. 
The regulatory protein, MmoB contains no metal or prosthetic groups and is 
thought to be a strong regulator of sMMO activity (Green & Dalton, 1985). The NMR 
structure has been solved for MmoB from Me. eapsulatus (Walters et at., 1999) and 
Ms. triehosporium (Fox et at., 1991) and is reported to fonn largely of hydrophobic 
surface suitable for binding the hydrophobic cleft fonned at the a2~2 interface of the 
hydroxylase, where it is believed to induce confonnational changes to the hydroxylase 
upon binding (Wallar & Lipscomb, 1996). In addition, it has been shown that MmoB 
enhances the rate of electron transfer between the reductase and the hydroxylase 
(Froland et at., 1992). However, detail of the exact mechanism of how the cofactorless 
MmoB protein regulates various aspects ofMMO catalysis remains unclear. 
The third component, MmoC, contains one [2Fe-2S] cluster and one tlavin 
adenine dinucleotide (FAD) cofactor, which are involved in transferring electrons from 
NADH to the diiron site of the hydroxylase (Lund et aI., 1985a; Lund & Dalton, 
1985b). Similar to MmoB, it has been shown that MmoC interacts with the 
hydroxylase (Fox et at., 1991). In addition, it has been shown that copper ions are a 
potent inhibitor of MmoC and thus sMMO activity. Copper was found to exert its 
effect primarily at the iron-sulphur centre, which subsequently disrupts the protein 
structure, preventing the transfer of electrons from NADH to the hydroxylase (Green et 
at., 1985). It is noteworthy that in this experiment, 10 mM CUS04 were used in whole 
cells and 80 ~M in MMO assay on cell extracts. In cell extracts, no activity was 
observed in the presence of copper, however, in whole cells almost a quarter of the 
wild-type sMMO activity was observed even in the presence of 10 mM CUS04 (Green 
et at., 1985). This gives hope of engineering a methanotrophic strain capable of 
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expressing sMMO constitutively and without being too concerned about copper 
inhibiting sMMO through MmoC (Protein C). 
In addition to the structural and biochemical aspects of sMMO systems, several 
aspects of the catalysis, including dioxygen activation and substrate hydroxylation at 
the active site has been studied extensively in Me. eapsulatus and Ms. triehosporium 
and has been reviewed by several authors (Lipscomb, 1994; Merkx et aI., 2001; Wallar 
& Lipscomb, 1996). 
Attempts to express sMMO from Me. eapsulatus in E. eoli were made, but only 
active expression of MmoB and MmoC was possible. The expression of recombinant 
hydroxylase in E. eoli was inactive and since the hydroxylase forms a complex 
structure itself, it was thought that the necessary assembly proteins were lacking in this 
heterologous host (West et al., 1992). However, the active expression of protein B in 
E. eoli allowed site-directed mutagenesis to be carried out to investigate the N-terminal 
cleavage of MmoB at specific amino-acyl residues, which resulted in the formation of 
an inactive MmoB protein due to a conformational change, preventing MmoB from 
binding the hydroxylase (Oallagher et al., 1999). In Me. eapsulatus the N-terminal 
sequence contains Met-12 and Oly-13, however, in Ms. triehosporium, the N-terminal 
sequence contains Met-12 and Oln-13, but similar N-terminal cleavage did not take 
place. Therefore by substitution of 01y-13 with 01n-13 dramatically stabilised the 
activity of this polypeptide in Me. eapsulatus (Lloyd et al., 1997). 
The heterologous expression of sMMO was first demonstrated by Lloyd et al. 
in methanotrophic strains that do not normally express sMMO (Lloyd et al., 1999b). 
The sMMO structural genes from Ms. triehosporium was expressed in 
Methylomierobium album B08 and Methyloeystis parvus OBBP from a broad-host 
range plasmid containing the structural genes encoding sMMO, its native promoter 
together with the regulatory genes, mmoR and mmoG (discussed in Section 1.6). Using 
a similar expression system, it was possible to complement the sMMO-minus 
phenotype of Ms. triehosporium mutant strain (Lloyd et al., 1999a) 
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1.4.2 Genetics of sMMO 
The complete set of structural genes encoding sMMO were first cloned and 
sequenced from Mc. capsulatus (Stainthorpe et al., 1989; Stainthorpe et aI., 1990). 
This led to the cloning and sequencing of sMMO structural genes from a number of 
methanotrophs (Figure 1.8) including Ms. sporium, which was cloned and sequenced 
as part of this study (Chapter 3). In all cases, the organisation of the structural genes is 
found in the order mmoXYBZDC. Unlike pMMO, the genes encoding sMMO are 
present as a single copy in the organisms examined, however in this study, 
identification of duplicate copies of mmoX gene in Ms. sporium is reported (Chapter 
3). 
It was demonstrated by Northern blotting that these sMMO genes constitute a 
single operon (Nielsen et al., 1996). The mmoX, mmoYand mmoZ encode for the a, p 
and y-subunits of the hydroxylase and mmoB and mmoC encode for the regulatory 
protein, MmoB and the reductase, MmoC, respectively. The mmoD gene encodes for 
MmoD, a protein of unknown function. However, in a recent study in Mc. capsulatus, 
MmoD was shown to be expressed at low levels and to interact with the hydroxylase 
and therefore thought to playa regulatory role (Merkx & Lippard, 2002). Furthermore, 
initial attempts to express sMMO in the absence of mmoD was not possible, suggesting 
that MmoD is required for expression (Dumont, 2004). 
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Figure 1.8 Physical maps of the sMMO operons from a number of type I and type 
II methanotrophs. The genes encoding for the sMMO enzyme (mmoXYBZDC) are 
highlighted in red. The regulatory genes, mmoG and mmoR are highlighted in green 
and purple respectively. The insertion sequence (IS) located between mmoB and mmoZ 
in Mc. capsulatus is highlighted in black. This IS element was not present in the 
original sequence of Mc. cap uialu (M90050) or pre ent in any other methanotrophs. 
The genes encoding for a two-component enor-regulatory system are highlighted in 
blue. The GenBank accession numbers for the nucleotide equences of the sMMO 
operons are indicated in parentheses. The location and direction of transcription from 
the cr54 promoter is indicated with a black arrow. The gene boundaries are shown to 
scale and are indicated by the scale bars. 
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Alignments of the deduced amino acid sequences of the a-subunit of the 
hydroxylase, MmoB and MmoC from a number of methanotrophs indicated that 
sMMO is highly conserved (Leahy et aI., 2003; Shigematsu et al., 1999). The a-
subunit of the hydroxylase is the most conserved component of the sMMO enzyme 
with 86.6 ± 9.6 % identity amongst methanotrophs (Leahy et aI., 2003). This is not 
surprising since the a-subunit of the hydroxylase contains the active site (Prior & 
Dalton, 1985a). MmoB and MmoC have slightly lower identity amongst 
methanotrophs with 81.2 ± 15.25 % and 63.4 ± 17.2 % identity respectively, but 
nevertheless are significantly conserved. MmoD is the least conserved protein with 
only 46.8 ± 12.1 % identity. Like the pmoA gene, the high degree of conservation of 
mmoX genes in methanotrophs has allowed it to be used successfully as a functional 
gene marker to survey sMMO expressing methanotrophs in the environment (Auman 
et ai., 2000; McDonald et ai., 1995). 
Analysis of the promoter region upstream of the mmoX gene in several 
methanotrophs indicated that transcription initiated from a cr54 promoter (Table 3.2). 
The identification and the initial characterisation of cr54 -dependent transcriptional 
activator, MmoR, in Me. eapsulatus and Ms. triehosporium gave further support of a 
bona fide cr54 promoter driving transcription of the sMMO operon (Csaki et ai., 2003; 
Stafford et al., 2003). In close proximity to mmoR, another oif designated as mmoG 
can be found, which has significant identity to the large subunit of the bacterial 
chaperonin, GroEL. In those methanotrophs where mmoR and mmoG have been 
identified, their location with respect to the sMMO operon varied from one strain to 
another (Figure 1.8). In Me. capsulatus, an additional two orfs, mmoQ and mmoS were 
identified, which had significant identify to two-component sensor-regulator system. 
The functions and the possible roles these genes may play in the 'copper-switch' will 
be discussed in Section 1.6. 
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1.5 Genetic systems in methanotrophs 
Due to difficulties in isolating mutants of methanotrophs, much of the earlier 
work utilised chemical mutagens such as the suicide substrate dichloromethane 
(DCM), UV light and gamma radiation to generate mutants. This was primarily due to 
the obligate nature of methanotrophs for methane, the lack of suitable plasmids as 
cloning vectors and the limited systems for introducing and maintaining heterologous 
vectors in these organisms(reviewed in Murrell, 1992; 1994). It was not until the work 
of Martin and Murrell, (1995) that a suitable technique was established for generating 
stable mutants by marker-exchange mutagenesis (Martin & Murrell, 1995). Using this 
technique, mutant F was generated, where mmoX, the gene encoding the a-subunit of 
the hydroxylase was inactivated. This technique employed a suicide plasmid, into 
which two regions flanking the gene of interest were cloned. In between these regions 
an antibiotic marker was cloned and using the conjugal transfer system of E. coli S 17.1 
A.pir, targeted genes are 'knocked-out' following a double homologous recombination 
event. Based on this system for generating stable mutants, a number of targeted 
mutants were generated in this study, in addition to the development of a number of 
promoter probe vectors, which are discussed fully in Chapter 4. 
Many of the molecular genetic tools available for methanotrophs have been 
designed based on sMMO due to its amenability to genetic manipulation, its relative 
stability and ease of purification. The use of broad-host range (BHR) plasmids based 
on Inc PI plasmids was demonstrated to be most successful in methanotrophs 
(McPheat et al., 1987) and based on these plasmids, Lloyd and co-workers 
demonstrated the heterologous and homologous expression of sMMO in 
methanotrophs containing only pMMO (Lloyd et al., 1999a; Lloyd et al., 1 999b). In 
addition, Smith and co-workers elegantly developed a genetic system for protein 
engineering of the hydroxylase component of sMMO in Ms. trichosporium thus 
allowing facile cloning of mutagenized copies of mmoX and allowing their subsequent 
introduction into mutant F (Smith et al., 2002). This system is limited to the a-subunit 
since the expression of the genes encoding the p and y subunits of the hydroxylase is 
unaffected (Lloyd et ai., 1999b). A new system has been recently developed in the 
Murrell Lab by Marc Dumont based on Ms. trichosporium SMDM strain which has all 
the sMMO structural genes deleted or disrupted thus allowing the heterologous 
expression of recombinant protein of all the components of sMMO (Dumont, 2004). 
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1.6 The 'copper-switch' and the transcriptional regulation of MMO operons 
The intracellular location of MMO activity in methanotrophs that possess both 
sMMO and pMMO was first demonstrated in chemostat cultures of Me. eapsulatus 
and Ms. triehosporium to be dependent on the copper-to-biomass ratio (Prior & 
Dalton, 1985b; Stanley et al., 1983). They reported the switch from sMMO to pMMO 
expression, which was accompanied by the development of extensive intracytoplasmic 
membranes, following the addition of copper. Despite this key finding, little was 
known about the regulation of the gene clusters for both sMMO (mmoXYBZYC) and 
pMMO (pmoCAB) and how copper ions, ultimately regulated the expression of MMO. 
This led to a number of studies exploring the regulation of this 'copper-switch'. 
The first comprehensive study investigating the 'copper-switch' at the 
transcriptional level was carried out by Nielson and co-workers (Nielsen et aI., 1996; 
Nielsen et al., 1997). From this study it was shown that the transcription of the sMMO 
gene cluster occurred from a cr54 promoter located 5' of mmoX and that transcription 
was negatively regulated by copper ions since no transcripts for sMMO were detected 
15 min after the addition of copper to a steady-state chemostat cultures of Me. 
eapsulatus expressing sMMO. In addition, it was also reported from the same study 
that the synthesis of mRNA for pMMO genes were activated by copper, whereas, 
under low copper or sMMO expressing conditions, few or no transcripts for pMMO 
were detected. Although the exact mechanism of the copper-dependent regulation of 
the sMMO and pMMO gene clusters was not clear, based on experimental evidence on 
the regulation of MMO for Ms. triehosporium, a hypothetical model on the regulation 
ofMMO was proposed (Murrell et al., 2000b) (Figure 1.9). 
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Figure 1.9 Hypothetical model of MMO regulation in Ms, triehosporium. Under 
high copper-to-biomass ratio pMMO is expressed, whereas, under low copper-to-
biomass-ratio sMMO is expressed. In this model , the regulators; repressor (R), 
activator (A), copper binding regulator (CBR), and the upstream activating sequence 
(UAS) are all hypothetical. When copper binds to CBR under high copper-to-biomas 
ratio, the conformation change takes place allowing it to bind R and A, thus preventing 
R from repressing pMMO gene and A from activating sMMO gene. Under low 
copper-to-biomass ratio, CBR is unable to form a complex with R or A and therefore R 
represses pMMO gene and A activates sMMO gene by binding to the UAS. Taken 
from Murrell et al. , (2000) 
In a separate study by Choi et al. (2003), quantitative RT-PCR was used to 
measure the amount of mmoX and pmoA transcripts in Me, capsulatus cultures grown 
under varying copper concentrations (data summarised in Table 1.3) (Choi et ai" 
2003). These data confirmed the negative transcriptional regulation of the sMMO 
operon by copper ions. However, transcripts for pmoA were detected from cultures 
grown with no added copper and when sMMO was fully expressed suggesting that the 
MMO operons are regulated independently. In addition, these re ult howed that the 
level of pmoA transcripts increa ed with increasing concentrations of copper. This was 
23 
not surprising since with increasing copper concentration, the expression levels of 
pMMO also increased with an optimal expression of pMMO observed in medium 
containing approximately 60 11M copper (Choi et al., 2003). 
Table 1.3 Transcript concentrations of pmoA and mmoX in Me. capsulatus cells 
cultured in medium containing varying concentrations of copper. Taken from Choi et 
al., 2003. 
moIIl1R:\T,Vllg Total R:\TA 
ICul /lll\l 
II/11WX pmoA 
0 3.1 0.47 
1 0 1.8 
5 0 2.9 
25 0 22 
55 0 34 
Stolyar et al., (2001) investigated the expression of individual copies of pMMO 
genes from Me. capsulatus using chromosomal reporter gene fusions. Transcriptional 
fusions with pmoCI and pmoC2 promoters with xylE were generated and introduced 
into the chromosome by conjugation and the XylE activities measured from copper-
depleted medium and medium containing 20 JlM copper (data summarised in Table 
1.4). 
Table 1.4 XylE activity of transcriptional fusions of pmoC in Me. capsulatus cells 
grown under high and low copper conditions. Taken from Stolyar et ai. , 2001. 
XylE acti\'it~ (nlllol/min/mg of protrin)1 hrs 
Promoter Icopperllll;\1 
o 2 ~ 6 12 24 
1.0 8.0 13.0 13.5 32 .0 65.0 
pCl 
20 7 .0 13.7 52.0 106.0 1.0 4.1 
pC2 
0 1.0 19.0 20.9 58 .0 60.0 75 .0 
20 1.0 18.1 18.2 41.0 75.0 131.0 
These data varied from those reported by Nielsen, where few or no pMMO transcripts 
were detected under copper depleted conditions and also from data reported by Choi, 
where more than a 40 fold increase in pmoA transcripts was detected at 25 11M copper 
concentrations. These data have created considerable confusion over the exact 
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transcriptional regulation of the pMMO operon and the concomitant transcription of 
the sMMO operon. 
The regulatory genes for sMMO, mmoR and mmoG have been cloned and 
characterised in Ms. trichosporium and Mc. capsulatus (Csaki et al., 2003; Stafford et 
al., 2003). MmoR is a a 54-dependent transcriptional activator and to demonstrate its 
role in sMMO expression, the gene was disrupted by marker-exchange mutagenesis. 
This resulted in a mutant strain designated JSl, which was unable to express sMMO. 
MmoG, which encodes for a GroEL-like chaperonin, whose exact function is unclear, 
was also disrupted by marker-exchange mutagenesis, creating a mutant strain 
designated JS2. Mutant strain JS2 was also unable to express sMMO and thus it was 
proposed it may be a MmoR-specific chaperone involved in the assembly of the 
transcriptional complex. 
Based on sequence information, it has been shown that the transcription of the 
sMMO operon is initiated from a a S4 promoter. This was confirmed experimentally by 
Stafford et al., (2003) by disrupting the rpoN gene, which encodes for the a-factor, a 54. 
required by RNA polymerase to initiate transcription from a54 promoters. This 
generated a mutant strain designated GmI, which was unable to initiate transcription of 
the sMMO operon (Figure 1.10). From this study, it was proposed that a functional 
sMMO enzyme complex require the transcriptional factors, MmoR, RpoN as well as 
the putative MmoR-specific chaperone, MmoG and an improved model of the 
transcriptional regulation of sMMO expression was proposed (Figure 1.10) (Stafford et 
al.,2003). 
In Mc. capsulatus, similar 'knock-out' mutants of mmoR and mmoG were 
constructed, which also resulted in sMMO minus mutants (Csaki et aI., 2003). In 
addition, genes encoding a two-component sensor-regulator, mmoQ and mmoS, were 
identified 3' of the sMMO operon. Due to their close proximity to the sMMO operon, 
it was assumed that they may regulate the transcription of the sMMO operon and an 
alternative hypothetical model was proposed (Figure 1.11) (Csaki et al., 2003). 
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Figure 1.10 Hypothetical model of the regulation of the sMMO operon in 
Methylosinus trichosporium OB3b as proposed by Stafford et ai. , (2003). The 
transcriptional regulation of the sMMO operon is regulated by copper ions by an as yet 
unknown mechanism. Both MmoR (R) and MrnoG (0) are required for activating the 
transcription of the sMMO operon. MmoR in conjunction with crS4 is required for 
transcription. MrnoG may be responsible for the correct folding of MmoR or other 
polypeptide involved in activating MrnoR. Inactivation of RpoN (strain Om 1), MmoR 
(strain 1S 1) or MrnoG (strain 1S2) abolishes sMMO expression. In the presence of high 
copper, transcriptional activation mediated by MmoR and 0'54 is abolished. Taken from 
Stafford et ai. , (2003). 
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Figure 1.11 Hypothetical model of the regulation of the sMMO operon in 
MethyZococcus capsuZatus Bath as proposed by Csaki et aZ. , (2003) involving an 
unknown mechanism for sensing copper ions. MmoS transduces this signal by altering 
the phosphorylation state of MmoQ. This signal is subsequently relayed to MmoR, 
which activates the transcription of the sMMO operon via cr54• The exact function of 
MmoG is unknown, however, it can be assumed that it plays a role in the correct 
folding of MmoR and/or for the maturation of active sMMO. Taken from Csaki et aZ. , 
(2003). 
27 
1.7 Project aims 
As it can be seen from Section 1.6, the data reported on the transcriptional 
regulation of the pMMO operon is confusing. In addition, although several models of 
sMMO regulation have been proposed, it is generally agreed that sMMO expression is 
regulated at the transcriptional level by copper with a mechanism as yet to be 
identified. To this end, gaining further insights into the mechanism of MMO 
expression at the transcriptional level constituted the major aim of this study with the 
following specific objectives: 
1. Screening of methanotrophs for the presence of the recently identified 
regulatory genes, mmoR and mmoG. 
2. Development of genetic tools such as promoter probe vectors and suitable 
broad-host range plasmids for the use in transcriptional analysis of the 
MMO operons. 
3. Development of a genetic screen for the high-throughput detection of 
MMO mutants for the use in transposon mutagenesis experiments. 
4. Using above tools for identifying and characterising additional as of yet 
unidentified MMO regulatory genes involved in transcriptional regulation 
of the MMO operons. 
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Chapter 2 
Materials and Methods 
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2.1 Bacterial strains and plasmids 
Chemically competent E. coli TOPIOF cells were generally transformed In 
order to facilitate genetic manipulation of plasmid DNA and PCR products. 
Electrocompetent E. coli S 17.1 'Apir cells were generally transformed with integrative 
suicide plasmids containing an RP4 origin of transfer determinant in order to facilitate 
plasmid transfer into methanotrophs by conjugation. E. coli transformants were 
typically selected on LB agar plates containing antibiotics at the following working 
concentrations: kanamycin (50 ~g mrl); ampicillin (50-100 ~g/mrl); gentamicin (15 
Ilg mrl); tetracycline (12.5 Ilg mrl). All antibiotics used in this study were filter 
sterilised with a 0.22 Ilm filter and aseptically added to the cooled medium. All the 
bacterial strains and plasmids used in this study are shown in Table 2.1. 
2.2 Cultivation and maintenance of bacterial strains 
All solutions and growth media were prepared with Milli-Q water and sterilised 
by autoclaving at 15 psi for 15 minutes at 120°C. 
2.2.1 Bacterial strain purity check and microscopy 
All bacterial strains were handled and cultivated axenically to minimise 
contamination. The purity of bacterial strains was routinely checked using light 
microscopy at 1000 x magnification under oil immersion. As well as microscopy, 
purity of stock methanotrophic cultures was checked by plating onto nutrient agar 
plates, which were incubated aerobically at 37°C for at least two days. Identity of 
stock methanotrophs obtained from culture collections were confirmed by sequencing 
the 16S subunit of the ribosomal RNA and the sequence searched against sequences 
published in GenBank (http://www.nchi.nlm.nih.gov0. 
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Table 2.1 Bacterial strains and plasmids used in this study. Abbreviations, Me, Methyloeoeeus; Mm, Methylomonas; Ms, Methylosinus; Mb, 
Methylobaeter; Meys, Methyloeystis; M, Methyloeella; GmR, gentamicin resistance; kmR, kanamycin resistance, tetR, tetracycline resistance; ApR, 
ampicillin resistance. 
StrainslPlasmids Description 
Reference/source 
Strains 
Escherichia coli TOP I 0 F, mrcA, endAl, reel, «I>801acZt.M15, MacZX74, deaR, araDl39, galK, rpsL (soft), Invitrogen 
nupG, [j.(mrr-hsdRMS-mcrBC) 
Escherichia coli S 17.1 Apir recA I thi pro hsdK RP4-2Tc::Mu Km::Tn7 Apir (Simon et al., 1983) 
Me. capsulatus Bath Wild-type strain Warwick culture collection 
Mm. methanica S I Wild-type strain Warwick culture collection 
Mm. robra Wild-type strain Warwick culture collection 
Ms. trichosporium OB3b Wild-type strain Warwick culture collection 
Ms. sporium 5 Wild-type strain Warwick culture collection 
Mh. agile A20 Wild-type strain Warwick culture collection 
Mcys. parvus Wild-type strain Warwick culture collection 
M silvestris BL2 Wild-type strain Warwick culture collection 
Ms. sporium:tlmmoXI [j.mmoXI: GmR This study 
Ms. sporium:tlmmoX2 [j.mmoX2: GmR This study 
Ms. sporium:tlmmoXI :p VK 104 [j.mmoXI complemented with Me. capsulatus (Bath) sMMO operon: GmR, KmR This study 
Ms. sporium:tlmmoX2:p VK IOOSc [j.mmoXI complemented with Ms. trichosporillm OB3b sMMO operon: GmR, KmR This study 
Me. capslllatlls [pMHAOII] GFP reporter strain, GmR This study 
Me. capslIlatlls [pMHA02I] XylE reporter strain, GmR This study 
Me. capsulatlls [pMHA034] LacZ reporter strain, GmR This study 
Me. capsula/lis [pMHA035] KmR reporter strain, GmR This study 
Me. capsulallis [pMHA036] LacZ reporter strain, GmR This study 
Me. capslllatlis [pMHA20I] GFP reporter strain, GmR This study 
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Me. eapsulatus:t.mmoR [pMHAOI2] GFP reporter strain, GmR, KmR This study 
Me. eapsulatus:t.mmoG [pMHAOI2] GFP reporter strain, GmR, KmR This study 
Me.eapsulatus:AMCA0705 6MCA0705 strain, GmR This study 
Me. eapsulatus: 6MCA 1883 AMCAI883 strain, GmR This study 
Me.eapsulatus:6MCA2590 AMCA2590 strain, GmR This study 
M. silvestris [pMGA203] GFP reporter strain, KmR This study 
Plasmids 
pUCI9 ApR, cloning vector (Vieira & Messing, 1982) 
pKI8mob KmR, RP4-mob, mobilizable cloning vector (Schaferetal., 1994) 
pCR2.I-TOPO KmR, ApR, PCR product cloning vector T A TOPO Cloning Kit (Invitrogen) 
p34S-Gm Source of GmR cassette (Dennis & Zylstra, 1998) 
pCMI30 BHR xylE promoter probe vector, tel (Marx & Lidstrom, 2001) 
pCMI32 BHR lacZ promoter probe vector, KmR (Marx & Lidstrom, 2001) 
pMJ\53 Source of gfjJ and oriT D. A. Hodgson, University of Warwick 
pDAH274 LacZ promoter probe vector D. A. Hodgson, University of Warwick 
pDAH350 GmR, cloning vector D. A. Hodgson, University of Warwick 
pBSL202 Mini-Tn5 transposon vector, GmR (Alexeyev et al., 1995) 
pAG408 Mini-Tn5 transposon vector, containing gfjJ, GmR (Suarez et al., 1997) 
pMHA048A pUCI9 containing 1670 bp kpnI fragment ofpAG408 This study 
pMHA048B pUC 19 containing 4498 bp kpn[ fragment of pAG408 This study 
pVKI04 KmR, BHR containing the Ms. triehosporium OB3b sMMO operon (Martin & Murrell, 1995) 
pVKlOOSc KmR, BHR containing the Me. capsulatus (Bath) sMMO operon (Lloyd e( a I., I 999b ) 
pMHAOOI pDAH350 containing oriTfrom pMJ\53, GmR This study 
pMHAOIO pMHAOO I containing gfp from pM] 153, GmR This study 
pMHAOII pMHAO I 0 containing mmoX 0 54 promoter from Me. eapslllatlls, GmR This study 
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pMHAOl2 pK 18mob containing mmoX ~4 promoter and gfp from pMHAO II, KmR This study 
pMHA020 pMHAOOI containingxylE from pCM130, GmR This study 
pMHA021 pMHA020 containing mmoX ~4 promoter from Mc. capsulatus, GmR This study 
pMHA034 pMHAO II containing lacZ amplified from pDAH274, but without gfp This study 
pMHA035 pMHAOII containing KmR amplified from pDAH274, but withoutgfp This study 
pMHA036 pMHA034 containing a shorter version of the mmoX ~4 promoter from Me. This study 
capsulatus, GmR 
pMHAI99 pCM 130 containing KmR gene instead of tel This study 
pMHA200 pCM 132 containing gfp from pMJ 153 instead of lacZ This study 
pMHA20IA pCR2.I-TOPO containing pMMO cr70 promoter from Me. eapsu/allls, KmR This study 
pMHA201 pMHA200 containing pMMO cr70 promoter from pMHA200A This study 
pMHA202 pMHA201 containing N-pMMOB This study 
pMHA203A pCR2.I-TOPO containing sMMO ~4 promoter from M. silvestris, KmR This study 
pMHA203 pMHA200 containing sMMO ~4 promoter from pMHA203A This study 
pMHA204 pMHA200 containing sMMO ~4 promoter from Me. capsulatus This study 
pMHAlOO pDAH350 containing 5' region of mmoX ~4 promoter, pMMO cr
70 promoter, mmoX This study 
and oriT, GmR 
pMHA500 KmR, GmR, pKI8mob containing mmoG::mmoXI ::GmR cassette This study 
pMHA501 KmR, GmR, pK 18mob containing mmoX2: :GmR cassette This study 
pMHA502 KmR, GmR, pK 18mob containing MCA0706::GmR cassette This study 
pMHA504 KmR, GmR, pKI8mob containing MCAI883::GmR cassette This study 
_~~HA506 KmR, GmR, pKI8mob containing MCA2590::GmR cassette This study 
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2.2.2 Escherichia coli 
Escherichia coli strains were routinely cultivated on Luria-Bertani (LB) 
medium (Sambrook et aI., 1989). Luria-Bertani liquid cultures were incubated on a 
orbital shaker (200 rpm) at 37 DC. LB agar plates were prepared with the addition of 
1.5 % (w/v) Bacto agar (Difco) prior to autoclaving. E. coli strains were stored at -80 
°c for long-term storage in the presence of 15 % (v/v) sterile glycerol. 
2.2.3 Methanotrophs 
A Nitrate Mineral Salt (NMS) medium (Whittenbury et at., 1970) was 
routinely used to culture methanotrophs. NMS agar plates were prepared with the 
addition of 1.5 % (w/v) Bacto (Difco) agar prior to autoclaving. The composition of 
the NMS medium was as follows: 
Solution 1: Salt solution (lOx stock) 
KN03 10 g 
MgS04.7H20 109 
CaCh.2H20 2 g 
Dissolved in 800 ml Milli-Q water and diluted to 1 litre. 
Solution 2: Iron EDT A solution (lOOOx stock) 
Fe-EDTA 0.38 g 
Dissolved in 80 ml Milli-Q water and diluted to 100 ml (Concentration of stock Iron-
EDT A solution = 1 mM). 
Solution 3: Molybdate solution (lOOOx stock) 
NaMo04 0.26 g 
Dissolved in 800 ml Milli-Q water and diluted to 1 litre. 
Solution 4: Trace elements solution (lOOOx stock) 
FeS04 500 mg 
ZnS04.7H20 400 mg 
15 mg 
50mg 
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Na-EDTA 
MnCh.4H20 
NiCh.6H20 
250mg 
20mg 
10mg 
Dissolved in 800 ml Milli-Q water and diluted to I litre. 
Solution 5: Copper solution (lOOOx stock) 
CuS04.5H20 25 mg 
Dissolved in 80 ml Milli-Q water and diluted to 100 ml (Concentration of stock copper 
solution = 1 mM). 
Solution 6: Phosphate buffer solution (lOOx stock) 
Na2HP04.12H20 7l.6 g 
KH2P04 26.0 g 
Dissolved in 800 ml Milli-Q water. The pH was adjusted to 6.8 and diluted to 1 litre. 
Aliquots of the phosphate buffer was autoclaved separately. 
Methanotrophs were typically cultivated in 1 x NMS medium, which was 
prepared by diluting 100 ml of the lOx salt solution to I litre and adding I ml each of 
solutions 2 - 5. For solid medium, 15 g r' Bacto agar (Difco) was added prior to 
autoclaving. Sterile phosphate buffer (10 ml r') was added to the cooled medium after 
autoclaving. Antibiotics were added as and when required at this stage at the following 
concentrations, kanamycin (15 J-lg mr') and gentamicin (5 J-lg mr'). Low-copper 
medium were prepared for sMMO expression by omitting solution 5. For pMMO 
expression, Solution 5 was added to a final concentration ~ 1 J-lM. Normal 1 x NMS 
medium contains 1 J-lM Fe-EDT A, however, for excess iron condition, up to 5 J-lM Fe-
EDT A was used. 
Methanotrophs were routinely cultivated in 250 ml conical flask containing 50 
ml NMS medium. Flasks were sealed with suba-seals and gassed with 50 ml (i.e. -20 
%) methane/carbon dioxide (95 %/5 % (v/v) mix respectively). All methanotrophic 
cultures were incubated at 30°C with shaking at 200 rpm, apart from Mc. capsulatus, 
which was incubated at 45°C. A typical methanotroph culture took about 4-6 days to 
reach stationary phase (OD540 0.8). Methanotrophs grown on NMS agar plates were 
incubated in a gas-tight container under a methane/air/carbon dioxide atmosphere 
(50/45/5 % (v/v) respectively) at the appropriate temperature. The gas was replenished 
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every two days until colonies fonned, usually within 5-10 days depending on the 
strain. 
Large scale cultivation of methanotrophs was carried out in 5 L fennentors 
(lnceltech LH Series 210) with a continuous flow of air (1 L min-I) and methane (140 
ml min-I). The dissolved oxygen level in the fennentor vessel was maintained above 5 
% by adjusting the agitation speed and air flow rate to prevent limitation of oxygen. 
pH of the culture was maintained between 6.8 - 7.2 with the automatic addition of 0.5 
M HCI or 0.5 M NaOH. Growth was monitored by measuring the 00540 using a 
Beckman OU-70 spectrophotometer and also by monitoring the dissolved oxygen 
tension in the fennentor vessel using an oxygen electrode. Typically 4.5 L of NMS 
medium was inoculated with 6-8 x 50 ml overnight flasks cultures (i.e. 10 % (v/v) 
inoculum) grown to mid-late exponential phase (-OD540 0.3-0.6). Cells were harvested 
during mid exponential phase (00S40 4-6) and were used immediately for enzyme 
assays, or stored at -80°C by resuspending the cells in minimum volume of 20 mM 
Tris-CI (pH 7.0) and drop frozen in liquid nitrogen. 
2.3 Extraction of nucleic acid 
2.3.1 Genomic DNA extraction from methanotrophs 
Genomic DNA was extracted from methanotrophs using methods described 
previously (Marmur, 1961). DNA from CsCI gradients were further purified by 
removing ethidium bromide and CsCI according to method of Sambrook et a/., (1989). 
On some occasions, the ultracentrifugation step was omitted and the ONA was isolated 
and purified from the cell lysed by multiple extractions with phenol, chlorofonn, 
isoamyl alcohol (25:24:1 (v/v) ratio) followed by ethanol precipitation. 
2.3.2 Total RNA extraction from methanotrophs 
Total RNA was isolated from methanotrophs usmg a hot-phenol method 
(Gilbert et a/., 2000) from 4 ml of exponential phase (ODs40 4-6) fennentor cultures or 
from 50 ml flask cultures (ODS4o 0.3-0.6) expressing either pMMO or sMMO. All 
solutions used for the isolation of total RNA were prepared using diethylpyrocarbonate 
(DEPC) treated water with RNAse-free filter tips. The quality of the RNA was 
checked by running a small portion of the sample on a 1.2 % (w/v) TBE-agarose gel. 
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DNA was removed from the total RNA samples using 2-4 units of DNase (Promega) 
per J..lg of total RNA, according to the manufacturer's instructions. Removal of all 
traces of DNA was confirmed by the absence ofa 16S rRNA PCR product. 
2.3.3 Small-scale plasmid extraction from E. coli (mini-prep) 
Small scale plasmid preparations were carried out using 1.5 ml overnight E. 
coli cultures using the method of Sambrook et al., (1989). Plasmids required for direct 
sequencing were isolated and purified using the Qiaprep Miniprep Kit (Qiagen) 
according to the manufacturer's instructions. 
2.3.4 Large-scale plasmid extraction from E. coli (maxi-prep) 
Large scale plasmid preparations were carried out using the Qiaprep Maxiprep 
Kit (Qiagen) according to the manufacturer's instructions. For high-copy number 
plasmids, 100 ml E. coli cultures were used and 500 ml cultures were used for low-
copy number plasmids. 
2.4 Techniques for nucleic acid manipulation 
2.4.1 Quantification of DNAIRNA 
Concentrations of DNA and RNA were routinely estimated from agarose gel 
by comparison to a known amout of DNA in 1 kb ladder (Invitrogen) or by measuring 
the absorbance ratio at 260/280 nm using a Nano-drop spectrophotometer. 
2.4.2 DNA restriction digests 
All DNA restriction digestions were carried out with enzymes from MBI 
Fermentas according to the manufacturer's recommendations. 
2.4.3 DNA purification 
DNA fragments from enzymatic reactions such as restriction digestion were 
routinely excised from TBE or T AE agarose gel and the DNA purified using the 
QIAquick Gel Extraction Kit (Qiagen) according to the manufacturer's instructions. 
PCR products were also routinely purified using this kit. 
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2.4.4 Dephosphorylation 
DNA ends of plasmid DNA digested with single restriction enzyme were 
dephosphorylated with alkaline phosphatase from calf intestine (Roche) according to 
the manufacturer's instructions. All dephosphorylated DNA fragments were purified 
(Section 2.4.3) prior to ligation. 
2.4.5 DNA ligations 
T4 DNA ligase (Fermentas) was used to perform ligations with vector DNA 
and DNA insert and self-ligation of linear DNA according to the manufacturer's 
instructions. Typically, 60-400 ng of vector DNA was ligated with 60-1200 ng of 
insert DNA. For self-ligation, typically 500 ng genomic DNA digest was self-ligated in 
a 50 I.d total volume. 
2.4.6 Cloning PCR products 
PCR products were cloned into pCR2.1-TOPO vector using the TOPO T A 
cloning Kit (Invitrogen) according to the manufacturer's instructions. Typically 2 fJlof 
the TOPO cloning reaction was added to a one shot E. coli TOP 1 OF chemically 
competent cells for transformation. 
2.4.7 Agarose gel electrophoresis 
DNA fragments were separated on 0.8 - 2 % (w/v) low-melting agarose in 1 x 
TBE buffer using Flowgen Minigel Systems. Ethidium bromide (0.5 fJg mrl) was 
added prior to casting the gel and visualised on a UV transilluminator. DNA 1 kb 
ladder (Invitrogen or Fermentas) was used to estimate sizes of DNA fragments. 
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2.5 Bacterial genetic modification 
2.5.1 Methanotroph conjugation 
The transfer of plasmid containing RP4-mob from E. coli to methanotrophs was 
based on the method described previously (Martin & Murrell, 1995). A 10 ml 
overnight E. coli S 17.1 Apir culture, containing RP4-mob plasmid, was collected on a 
0.2 ~m pore-size nitrocellulose filter (Millipore). The E. coli donor strain was washed 
twice with 50 ml NMS. A 50 ml methanotroph culture grown to mid exponential phase 
(OD540 0.2-0.5) was also collected on the same filter and washed again with 50 ml 
NMS medium. The filter was placed on an NMS agar plate containing 0.02 % (w/v) 
proteose peptone and incubated for 24 hours at 30°C with methane except for Mc. 
capsuiatus, which was incubated at 37°C for 24 hours. 
Following incubation, the cells were washed with 10 ml NMS and collected by 
centrifugation (7,000 x g for 10 min) before resuspending the cells in 1 ml NMS. 
Aliquots (50-1 00 ~l) of the cells were spread onto NMS plates containing selective 
antibiotics and incubated at the appropriate temperature. Colonies typically formed on 
the plates after 8-12 days. (Note: The E. coli SI7.l Apir strain has chromosomally 
integrated conjugal transfer functions, thus allowing transfer of plasmid to occur by 
means of a biparental mating without a helper plasmid). 
2.5.2 Preparation and transformation of chemically competent E. coli 
Chemically competent E. coli cells were prepared by CaCh treatment as 
described in Sambrook et ai., (1989). The cells were resuspended in 2 ml of ice-cold 
0.1 M CaCh containing DMSO (140 ~l per 4 ml resuspended cells) for each 50 ml of 
original culture and aliquots of I 00 ~l were frozen rapidly in liquid nitrogen and stored 
at -80°C. 
The chemically competent E. coli cells were transformed by adding plasmid 
DNA or ligation mix up to 10 % volume of the competent cells and incubating the 
cells on ice for 15-30 min. The cells were heat shocked by incubating the cells at 42 DC 
for 1 min and then placed on ice immediately for 2 min following the addition of SOC 
(0.5-1 ml) medium (Sambrook et ai., 1989). The cells were recovered at 37 DC shaking 
incubator (200 rpm) for 1 hour and aliquots (10-100 ~1) of the respective transformants 
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were spread onto LB agar plates containing selective antibiotics and X-gal (40 ~g mrl) 
when necessary and incubated at 37°C for 18-24 hours. 
2.5.3 Preparation and transformation of electrocompetent E. coli 
A 500 ml exponentially growing E. coli S17.1 Apir culture (00600 0.5) was 
chilled on ice for 15 min and then centrifuged at 4,000 x g for 15 min. The supernatant 
was decanted and the cell pellet was resuspended in 500 ml ice cold sterile water and 
centrifuged. Once again the supernatant was decanted and the cell pellet was 
resuspended in 250 ml sterile water and centrifuged. This time the cell pellet was 
resuspended in 10 ml ice cold sterile 10 % (v/v) glycerol and centrifuged. Finally the 
cell pellet was resuspended in 1 ml of ice cold sterile 10 % (v/v) glycerol. Aliquots (40 
~l) of the resuspended cells were frozen in liquid nitrogen and stored at -80°C. 
The electro competent E. coli S 17.1 Apir cells were transformed by adding up to 
2 ~l of plasmid DNA or ligation mix and incubating on ice for 1 min. The cells and 
DNA mix was transferred to a 0.2 cm electroporation cuvette and using a Bio-Rad 
GenePulser, an electric field of 2.5 kV cm- I at 25 ~F and 200 n was applied. 
Following the electric pulse, the cells were immediately suspended in I ml SOC 
medium and allowed to recover with shaking (200 rpm) at 37°C for 1 hour. Aliquots 
(50-100 ~l) of the respective transformants were spread onto LB agar plates containing 
selective antibiotics. 
2.6 Polymerase chain reaction (peR) 
peR amplifications were performed in 50 ~l total volume of reaction mixture 
usmg a Hybaid Touchdown Thermal Cycling System. Taq DNA polymerase and 
dNTPs were purchased from Fermentas and custom primers were obtained from 
Invitrogen. The composition of a typical PCR reaction is shown in Table 2.2. 
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Table 2.2. Reagent composition in a typical PCR reaction. IDMSO/Betaine was 
made by mixing 2.6 M Betaine with 2.6 % (v/v) DMSO to give a 2X stock solution. 
DMSO/Betaine was only added to difficult PCR reactions in order to increase the 
specificity and efficiency of amplification when amplifying DNA containing high GC 
content. 
Reagents IStock) IFinal) Volume (~I) 
PCR buffer lOX IX 5 
dNTP mix 2.5 mM (each) 0.25 mM 5 
MgC12 25mM 2.5 mM 5 
Primer (Forward) 10 ~M 0.2 ~M 
Primer (Reverse) 10 J-lM 0.2 ~M 
D MSO/Betaine (Optional) I 2X IX 25 
Sterile deionised water to 44 ~l 
To the reaction mix, I ~l of purified genomic DNA or plasmid DNA containing 
10-100 ng DNA was added. Diluted Taq DNA polymerase (i.e. 5 J-ll of 0.5u ~rl Taq 
DNA polymerase) was always added after a 5 min hot-start at 94°C to give a 50 J-ll 
total reaction volume. A typical program for a PCR reaction is shown in Table 2.3. 
Table 2.3. A typical PCR programme. IThe annealing temperature was varied 
from 50-60°C and was usually 5 °c below the average melting temperature of the 
primers. 2The extension time was also varied depending on the length of the PCR 
product. As a rule of thumb, a 1 min extension was u ed per kb of DNA amplified. 
Variable I 30 
72 Variable2 
72 10 
Hold at 20°C 
PCR reactions were routinely optimised by altering the template and primer 
concentrations and by varying the annealing temperature and extension time. The 
number of cycles was also increa ed for PCR reactions yielding low amounts of 
products. 
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2.6.1 Inverse peR 
Inverse PCR was used to amplify and sequence upstream and downstream 
DNA sequence from a known region of DNA sequence. Briefly, 1 ~g of genomic 
DNA was digested with restriction enzymes that cut frequently. DNA was then self-
ligated (Section 2.4.5) in 50 ~l reaction volumes using T4 ligase (MBI Fermentas) to 
generate small circles. The ligation mix was then used directly as PCR template with 
outward facing primers designed near the end of the known DNA sequence. The PCR 
products were either cloned into pCR2.1-TOPO vector using the T A TOPO cloning kit 
(Section 2.4.6) or purified and sequenced directly using outward facing primers. 
2.6.2 Error-prone peR 
GeneMorph II Random Mutagenesis Kit (Stratagene) was used to carry out 
error-prone PCR according to the manufacturer's instructions. The mutation frequency 
per kilobase of DNA was controlled by adjusting the initial target DNA amounts in the 
amplification reactions. Due to the low copy number of genomic DNA targets, the 
target DNA was initially peR amplified from genomic DNA using normal Taq DNA 
polymerase and cloned into pCR2.1-TOPO vector (Section 2.4.6). The DNA target in 
the plasmid was subjected to random mutagenesis. For low frequency mutation (0-4.5 
mutations kbOI ), it was recommended to use 500-1000 ng target DNA and for high 
frequency of mutation (9-16 mutations kb01 ) it was recommended to use 0.1-100 ng of 
target DNA (Note: The initial amount of target DNA required to achieve a particular 
mutation frequency refers to the amount of DNA to amplify and not the total amount 
of plasmid DNA template to be added to the reaction). 
An example calculation of the template amount (ng) required for a high 
frequency mutation of a 505 bp DNA fragment in a 7863 bp plasmid. 
Target Amount (ng) x Template Length (bp) 
Target Length (bp) 
10 ng x 7863 bp 
---------- = 156 ng 
505 bp 
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= Template Amount (ng) 
2.6.3 Reverse transcriptase peR (RT -peR) 
RT-PCR was perfonned with SuperScript II Reverse Transcriptase 
(Invitrogen). DNase-treated total RNA (0.5-1 Jlg) was added to 50 pmol gene-specific 
reverse primer and 1 Jll dNTP mix (10 mM each) in a final volume of 12 Jll. The 
mixture was heated to 65°C for 5 min and then chilled on ice. To the reaction mixture, 
4 Jll of 5X first-strand buffer, 2 Jll 0.1 M OTT and 1 JlI (200 units) of SuperScript II 
RT were added to give a 20 III final volume before incubation at 42°C for 50 min, 
followed by a 15 min incubation at 70°C to inactivate the RT enzyme. The cDNA (1-5 
Jll) was used as a template for PCR amplification, as described in Section 2.6, without 
further purification. 
cDNA synthesis of low-abundunce mRNA was achieved using SuperScript III 
One-Step RT-PCR System with Platinum Taq DNA Polymerase (Invitrogen) 
according to the manufacturer's instructions. 
2.7 DNAIRNA blotting, hybridisation and detection 
2.7.1 Southern transfer of DNA to membranes 
Approximately 3-5 Jlg aliquots of genomic DNA were digested with various 
restriction enzymes as described in Section 2.4.2. The DNA fragments were resolved 
on a 0.9 % (w/v) agarose gel in Tris-Acetate-EDTA (TAE) buffer using a Horizontal 
Gel System unit for 18-20 hours at 1.5 V cm- I . Ethidium bromide was added directly 
to the gel prior to casting at a final concentration of 0.5 Ilg mrl. The DNA on the gel 
was visualised and photographed alongside a ruler so that the distances and sizes of the 
fragments from the molecular mass ladder could be used to correlate the sizes of the 
DNA fragments hybridised on the Southern blot. The DNA was denatured by 
submerging the gel for 30 min in Denaturation buffer (0.5 M NaOH, 1.5 NaCl) and 
transferred onto Hybond N+ membrane (Amersham Biosciences) by capillary blotting 
following the alkali transfer protocol provided by the manufacturer. The DNA on the 
membrane was fixed by UV cross linking for 30 seconds with a Stratalinker 
(Stratagene). 
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2.7.2 Construction of clone libraries and colony blots 
Partial clone libraries were constructed by cloning size fractionated genomic 
DNA, separated and purified using methods described earlier, into the multiple cloning 
sites (MCS) of pUC18 or pUC19 vector. Transformants containing the recombinant 
DNA were selected on LB agar plates containing ampicillin (100 Ilg mrl) and X-gal. 
Insertion of a genomic DNA fragment into the MCS of pUC 18 or pUC 19 vector 
resulted in a white clone due to insertional inactivation of the lacZa gene, which 
encodes part of p-galactosidase. 
Colony blots containing E. coli clones were prepared initially by picking only 
white colonies into 150 III L-broth in 96 well plates and grown for 18-24 hours at 37 
°c. The clones from the 96 well plates were streaked onto Hybond N+ membrane 
placed on the surface of LB agar containing selective antibiotics and incubated for 18-
24 hours at 37°C. The cells were lysed on the membrane by placing the membrane on 
2 sheets of 3MM Whatman paper soaked in the following solutions in this order: 
• 10 % (w/v) SDS for 5 min 
• Denaturation buffer (0.5 M NaOH, 1.5 M NaCl) for 5 min 
• Neutralising buffer (1 M Tris-HCI (pH 7.4), 1.5 M NaCl) for 5 min. This 
step was repeated twice. 
• 2 x SSC (3 M NaCl, 0.3 M trisodium citrate, pH 7) for 5 min 
The membrane was dried for 10 min at room temperature and the DNA was then fixed 
to the membrane by UV cross linking using a Stratalinker (Stratagene). 
2.7.3 Blotting of RNA samples to membranes 
The DNA-free RNA samples were prepared by adding 30 III of RNA 
denaturation solution (600 III formamide, 210 III formaldehyde (37 % (v/v», and 130 
III lOx MOPS buffer (PH 7.0» to each sample and making the volume to 80 III with 
DEPC-treated water and incubated at 65°C for 5 min (Note: MOPS buffer was made 
from 0.2 M MOPS (pH 7.0), 20 mM sodium acetate and 10 mM EDTA). Then an 
equal volume of 20x SSC was added to each sample and stored on ice. 
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The blotting manifold was prepared by initially cleaning with 0.1 M NaOH and 
rinsing thoroughly with sterile water. Two sheets of 3MM Whatman paper was soaked 
with 20x sse and placed on top of the vacuum unit of the apparatus and the wet 
Hybond N+ membrane (Amersham Biosciences), previously soaked in 20x sse for 1 
hour was placed on the bottom of the sample wells. The manifold was clamped 
together evenly and connected to the vacuum. The slots were filled twice with lOx 
sse and gentle suction was applied until the fluid past through the membrane. The 
RNA samples were then loaded into the slots and was also allowed to pass through 
with gently suction. When all the samples passed through the membrane, each slot was 
washed twice with 1 ml of lOx sse and the suction was applied for an additional 5 
min to dry the membrane. The RNA was fixed to the membrane by UV cross linking. 
2.7.4 Random labelling of DNA probes and DNA hybridisation 
All DNA probes, peR amplified or digested from plasmids, were purified 
using methods described in Section 2.4.3 prior to random labelling. DNA probes (-25 
ng) were denatured by heating for 10 min at 100 °e using a thennocycler and then 
radiolabelled with 50 ~ei [a_32p] dGTP, 10 units of Klenow fragment, 3 ~l dNTP mix 
(0.5 mM) and 2 ~l of lOx Hexanucleotide mix (Roche) according to the 
manufacturer's instructions. The reaction was stopped with the addition of 2 ~l of 0.2 
M EDTA (pH 8.0) and the probe was denatured by the addition of NaOH to a final 
concentration of 0.4 M. 
Prior to hybridisation of the labelled probe to the Southern, colony, or RNA 
blots, the membranes were prehybridised at 50 °e for 30 min in 1 ml hybridisation 
buffer (0.5 M sodium phosphate buffer (pH 7.2), 5 mM ethylenediamine tetra-acetate 
(pH 8.0), 7 % (w/v) sodium dodecyl sulphate) per cm2 of Hybond N+ membrane. The 
membranes were hybridised with fresh hybridisation buffer at 50 °e for 16-24 hours. 
2.7.5 Washing ofimmobilised nucleic acid and autoradiography 
Membranes hybridised with radiolabelled probes were washed with 2x sse 
containing 0.1 % (w/v) SDS. To remove background hybridisation, the stringency of 
the washes was increased by increasing the temperature and reducing the salt 
concentration. The hybridised blots were exposed to X-ray films (Fujifilm) placed in 
an autoradiography cassette with intensifying screens and placed in a -80 °e freezer for 
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varying times (1-72 hours) depending on the signal intensity. X-ray films were 
developed and fixed in accordance to the manufacturer's instructions. The 
hybridisation signals from the hybridised blots were also detected by exposing a 
phosphorimaging plate (Fujifilm) for 5-60 min at room temperature. The signal from 
the phosphorimaging plate was scanned using a FLA-5000 phosphorimager according 
to the manufacturer's instructions. 
2.8 DNA sequencing and analysis 
DNA sequencing reactions were performed by the Molecular Biology Service at 
the University of Warwick using a Dye Terminating Kit (PE Applied Biosciences) and 
the DNA signals were analysed using a 373A automated sequencing system. The DNA 
sequences were annotated using Chromas (Version 1.45) and Lasergene sequence 
analysis software tools. 
2.9 Biochemical analysis 
2.9.1 Preparation of cell-free extracts from bacterial strains 
Cells were harvested during exponential growth phase, either from a 5 L 
fermentor culture (OD540 = 4-6) or from small batch cultures grown in 250 ml flasks 
(OD540 = 0.4-0.6), by centrifugation (10,000 x g, 15 min at 4°C). The cell pellets were 
resuspended in a minimum volume of 25 mM MOPS buffer (pH 7) containing 1 mM 
benzamidine, 5 mM dithiothreitol and a few crystals of deoxyribonuclease. The cells 
were broken by two passages through a pre-cooled French Press (American Instrument 
Company) at 110 MPa. The cell-free extracts were then separated into soluble and 
particulate fractions by centrifugation (38,000 x g, 60 min at 4 °C). The cell-free 
extracts were used directly for enzyme assays or were rapidly frozen in liquid nitrogen 
and stored at -80°C. 
2.9.2 Protein quantification 
Protein content in sample preparations was quantified using Bio-Rad reagent 
according to the manufacturer's instructions. Solutions of bovine serum albumin (0-
100 Ilg) were used as standard. Each sample was measured at least three times and an 
average protein concentration was used for calculating specific enzyme activity. 
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2.9.3 SDS-PAGE analysis 
Protein samples were separated by SDS-PAGE using an X-cell II Mini-Cell 
apparatus (Novex). A 4 % (w/v) stacking gel and a 12.5 % (w/v) resolving gel was 
typically used and prepared as follows: 
4 % Stacking gel 
• 40 % (w/v) Acrylarnide 
• 2 % (w/v) Bisacrylarnide 
• Stacking buffer (0.5 M Tris-HCI, pH 6.8) 
• Water 
• 10 % (w/v) SDS 
• 10 % (v/v) Glycerol 
• 10 % (w/v) Ammonium persulphate 
• TEMED 
12.5 % Resolving gel 
• 40 % (w/v) Acrylarnide 
• 2 % (w/v) Bisacrylarnide 
• Resolving buffer (3 M Tris-HC1, pH 8.8) 
• Water 
• 10 % (w/v) SDS 
• 10 % (v/v) Glycerol 
• 10 % (w/v) Ammonium persulphate 
• TEMED 
Sample loading butTer 
• Stacking buffer 
• 100 % (v/v) Glycerol 
• 0.5 % (w/v) Bromophenol blue 
• p-mercaptoethanol 
• 10 % (w/v) SDS 
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0.53 ml 
0.3 ml 
1.36 ml 
2.8 ml 
50 JlI 
50 JlI 
0.5 ml 
5 JlI 
3.15 ml 
1.69 ml 
2.5 ml 
2.65 ml 
100 JlI 
100 JlI 
0.5 ml 
5 Jll 
250 JlI 
200 Jll 
80 JlI 
100 JlI 
1.2 ml 
5x Running buffer 
• Glycine 
• Tris base 
• SDS 
• Water 
72 gr l 
15 gr l 
5 gr l 
to 1 litre 
The protein samples were mixed with equivalent volume of sample loading 
buffer and boiled for 5 min before separating on a 12.5 % SDS-P AGE gel. Proteins 
were stained with Coomassie brilliant blue staining solution (0.1 % (w/v) Coomassie 
Brilliant blue R-250 dissolved in 40 % methanol, 10 % acetic acid and 50 % water) 
and destained in 40 % (v/v) methanol and 10 % (v/v/) acetic acid. Dalton Mark VII-L 
(Sigma) molecular mass marker was used to estimate molecular masses. 
2.9.4 MSIMS analysis of polypeptides 
Polypeptides of interest, from SDS-P AGE, were analysed by the Biological 
Mass Spectrometry and Proteomics Group at Warwick, using an in-line liquid 
chromatography electro spray ionization tandem mass spectrometry (LC-ESI-MS/MS). 
The MSIMS data were processed and searched against the appropriate databases using 
the Micromass Global Server 2.0 search engine. 
2.10 Enzyme Assays 
2.10.1 Naphthalene assay for sMMO activity 
A naphthalene oxidation assay was routinely used for the qualitative detection 
of sMMO activity on NMS agar plates or in liquid cultures using methods described 
previously (Brusseau et ai., 1990; Graham et ai., 1992). sMMO is capable of oxidising 
naphthalene to naphthol, which can react with a zinc complex (tetrazotized 0-
dianisidine) to form a deep purple colour, thus indicating sMMO expression and 
activity. 
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2.10.2 Green Fluorescent Protein (GFP) assay 
The GFP fluorescence was measured using a fluorimeter at an excitation 
wavelength of 475 nm and an emission wavelength of 510 nm (Note: The upper 
emission limit was 485 nm and the lower emission limit was 550 nm, which were 
integrated at a scan rate of 0.95 nm second-I with one repetition). As and when 
appropriate, samples with high GFP activity were diluted in deionised water 
accordingly to prevent saturation of the detector. The fluorescence intensity from 
samples was represented as arbitrary units. 
All GFP fluorescence was measured from cell-free extracts whose protein 
content was quantified using the Bio-Rad reagent (Section 2.9.2). The data obtained 
were normalised by expressing the arbitrary fluorescent units as a specific activity in 
units mg- I protein. The mean specific activity, from at least two independent assays, is 
indicated in the results. 
2.10.3 Catachol-2,3 dioxygenase (XyIE) assay 
Catachol-2, 3 dioxygenase activity was measured using methods described 
previously (Kataeva & Golovleva, 1990; Zukowski et al., 1983), with slight 
modifications. The qualitative detection and thus the functional expression of XylE 
was examined by either spraying or pipetting a solution of 0.1 M catechol (Sigma) 
directly onto colonies or liquid cultures. Catachol-2, 3 dioxygenase rapidly converts 
the colourless catechol to an intensively yellow oxidative product, 2-hydroxymuconic 
semialdehyde (Figure 2.1), thus colonies of cells or liquid cultures that express XyJE 
become yellow/orange. 
OH 
~H 
V 
Catechol 
Catechol 2, 3-dioxygenase 
2-hydroxymuconic semialdehyde 
(Yellow Product) 
Figure 2.1 Enzymatic conversion of catechol to the yellow/orange product, 2-
hydroxymuconic semialdehyde by catechol 2, 3-dioxygenase. 
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Quantitative assay for catechol 2, 3-dioxygenase was conducted in a I cm 
cuvette at 30 DC in a total volume of 1 ml containing the following: 0.88 ml of 50 mM 
Tris buffer (pH 7.5); 0.02 ml of 50 mM catechol dissolved in the Tris buffer; and 0.1 
ml of cell-free extract or appropriate dilutions. The spectrophotometer was calibrated 
and blanked at 375 nm with the sample mixture before the addition of the cell free 
extracts. Catechol 2, 3-dioxygenase activity was calculated as the rate of change in 
optical density at 375 nm min-I mg- I of protein and finally expressed as nmoles of 2-
hydroxymuconic semialdehyde formed mg-I of protein min-I (Note: A change in 
optical density of 1 min-I is equal to 1 unit and one milliunit corresponds to the 
formation at 30 DC of 1 nmole of 2-hydroxymuconic semialdehyde min-I). An average 
change of OD375 min-lover 3 min was used to calculate specific activities. 
An example calculation: 
For an enzyme reaction with an average L10D375 of 0.1090 units min-I and with a 
protein concentration of 37.65 mg mrl, the specific activity would be worked out as 
follows: 
0.109 units min-I = 109 milliunits min-I 
The dilution factor needs to be taken into account. If the sample was diluted 50 fold 
and 100 f..ll was used in the enzyme reaction, the specific activity would be: 
109 milliunits min-I x 50 = 1448 milliunits min-1 mg-1 
3.765 mg 
Therefore, 1448 nmoles of 2-hydroxymuconic semialdehyde is formed per min per mg 
of protein 
2.10.4 ~-galactosidase assay 
There are a number of chromogenic and fluorogenic substrates for detecting p-
galactosidse activity (Sambrook et al., 1989) and in this study a number of these 
substrates were used (Figure 2.2) 
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A. CI 1i,0 CI 0~0· ~. CH,OH "W' O~" OH + OH N :::::,... J}-galactosidase 
OH 
OH 
S-bromo-4-chloro-3-indoyl-B-D-galactoside (X-gal) Galactose Blue-indol Coloured D)c (Colourless) (Colourless) 
B. 
C(1
7 H,O 
"'-
CH.OH 
~ OH H (XIlI! + J}-galactosidase 0 
'a' OH 
o-nitrollhenol-J}-D-galactoside (ONPG) Galactose " notrophcn II 
(Colourless) \\ d "" ornr.l!l) 
C. 
trow H,O "'- tr "OW ~ l.b OH OH I J}-galactosidase + ~ .b 
OH 
e H, OH CH, 
,,-l\lethylumbelliferyl-J}-J).glucuronide (MUG) Glucuronic acid "-\Ieth) limbelliferon 
(non fluorescent) (non fluorescent) (Fluorescent) 
Figure 2.2 Various hydrolysis reactions of p-galactosidase usmg chromogenic 
substrates (A and B) and a fluorogenic ubstrate (C). 
The lacZ gene encodes for p-galactosidase (LacZ) enzyme. The qualitative 
detection and thus the functional expression of lacZ genes was examined with the 
addition of X-gal, dissolved in DMSO to a final concentration of 40 )..lg mr l, either to 
the cooLed medium or added directly onto the surface of the agar. The formation of 
blue colonies indicated the expression of lacZ. The MUG substrate was used as an 
alternative substrate for detecting p-galactosidase activity. MUG solution (4 mg mrl in 
DMSO) was pi petted onto the colonies and the plates were incubated at room 
temperature for 20 min. The colonies were then viewed under ultraviolet light for 
fluorescence. 
p-galactosidase activity was measured quantitatively by following the 
conversion of o-nitrophenol-p-D-galacto ide to o-nitrophenol u ing methods described 
previously (Miller, 1972). The assay was done on whole cells in 2 ml Eppendorf tubes 
in a final volume of 1 ml. The cell density was recorded by measuring the absorbance 
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at 540 nm. Varying volumes of cells (0.1-0.9 ml) was used and made up to 1 ml with 
z- buffer (0.06 M Na2HP04; 0.04 M NaH2P04; 0.01 M KCl; 0.00] M MgS04; 0.27 % 
(v/v) ~-mercaptoethanol added fresh and adjusted to pH 7.0). The cells were disrupted 
by adding 30 ~] of chloroform and 15 ~l of 0.1 % (w/v) SDS and vortexing for ]0 
seconds. The cell debris were spun down in a microfuge (13,000 rpm for 2 min) and 
the supemantant was transferred to a fresh Eppendorf tube. The reaction was started 
with the addition of 0.2 ml ONPG solution (4 mg mrl dissolved in Z buffer) and 
stopped, when sufficient yellow colour developed, with the addition of 0.5 ml 1 M 
Na2C03 and the reaction time was recorded. The optical density of the samples was 
measured at 420 run. The concentration of the cells in each samples were adjusted by 
making appropriate dilutions so that the optical density at 420 nm was between 0.6-
0.9. The enzyme activity was expressed as an average from triplicate samples and the 
values were converted to Miller units. 
An example calculation: 
1000 X OD420 
= Miller Units 
t x v X OD540 
t = time of the reaction in minutes 
v = volume of culture used in the assay, in ml 
For an enzyme reaction with an average OD420 of 0.9 after 10 minutes, using 0.5 ml 
culture with an OD540 of 0.3, the Miller Units for ~-galactosidase would be: 
1000 x 0.9 = 600 units 
(10 x 0.5 x 0.3) 
Note: 1 Miller unit of ~-galactosidase is defined as the amount of enzyme which 
produces 1 ~mole of o-nitrophenol min-I at pH 7.0. 
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Chapter 3 
Screening of Obligate Methanotrophs for Regulatory 
Genes and Identification and Characterisation of 
Duplicate mmoX Genes in Ms. sporium 5: Cloning, 
Sequencing and Mutational Analysis 
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3.1 Introduction 
Bacteria are highly versatile orgamsms that can readily adapt to their 
environment. They control their gene expression in response to environmental stimuli 
so that at any given time they synthesise the gene products that are essential for 
survival in that environment. The amounts of a particular enzyme or structural protein 
synthesised are determined by a number of factors, including the cell's nutritional 
status. Although the mechanism by which the concentration of a specific gene product 
is regulated varies widely, global gene regulation in bacteria is predominantly 
controlled at the level of transcription. Proteins that are involved in essential cellular 
processes, such as transcription and translation are generally expressed constitutively. 
The genes that encode these types of proteins are called 'housekeeping genes' and their 
level of transcription is not generally regulated appreciably during exponential growth 
phase. However, in bacteria many gene products are required only occasionally and 
they are regulated by an on-off switch and thus enable synthesis of these gene products 
as and when required. In most circumstances, when the transcription is in the off state, 
a basal level of transcription remains, however, there are a few cases when 
transcription is completely switched off (Freifelder, 1987). 
sMMO-containing methanotrophs such as Me. eapsulatus and Ms. 
triehosporium have the particular metabolic flexibility in that they can readily adapt to 
growth under copper depleted conditions. However, until relatively recently, very little 
was known about the molecular regulation of the expression of MMO by copper ions. 
In previous studies, it has been shown that the transcription of the sMMO operon is 
initiated from a O'54-dependent promoter that is tightly regulated by copper at the level 
of transcription (Csaki et al., 2003; Nielsen et al., 1996). Transcription from the 
sMMO 0'54 promoter is active only under low copper-to-biomass ratio «0.25 !J.M 
CUS04) and is totally repressed under high copper-to-biomass ratio (>0.25 !J.M 
CUS04). The strict transcriptional regulation of 0'54 promoters, in response to various 
environmental signals, is a characteristic feature of these promoters (Shingler, 1996). 
The identification and characterisation of the regulatory genes mmoR and 
mmoG in Me. eapsulatus and Ms. triehosporium (Csaki et al., 2003; Stafford et al., 
2003) has given further insights into the molecular regulation of sMMO expression. 
MmoR is a 0'54 -dependent transcriptional activator, which is another common feature 
of transcription mediated from a O'54-dependent promoter. The function of MmoG, 
54 
which has significant identity to the large subunit of the bacterial chaperonin, GroEL, 
is unknown, however, it has been shown through construction of knock-out mutants by 
marker-exchange mutagenesis that MmoR and MmoG are essential for sMMO 
expression. The role of the 0-54-dependent transcriptional activator, MmoR, as the 
name suggests would be involved in transcriptional initiation. This role is now 
established, as is shown by results using transcriptional fusions between the sMMO 0-54 
promoter and GFP (Csaki et al., 2003) and also in this study by using integrative 
suicide plasmids (Chapter 5). No GFP activity was detected in the Me. eapsulatus 
!J..mmoR mutant strains containing these plasmids under sMMO expressing conditions, 
thus indicating its crucial role in transcription initiation. Since there are no reports of 
bacterial chaperonins functioning in gene regulation, it was suggested from the initial 
mutational analysis that MmoG may playa role in sMMO assembly (Stafford et aI., 
2003). Interestingly, similar experiments using promoter probe plasmids in Me. 
eapsulatus !J..mmoG strains indicated that MmoG was also crucial for transcription 
(Chapter 5). The gene encoding the sigma factor, 0-54 (rpoN), in Ms. triehosporium has 
been cloned and sequenced. Knock-out mutants of rpoN abolished sMMO expression 
and the ability of Ms. triehosporium to fix nitrogen. This suggested that 0'54 is also 
required for the initiation of transcription of the genes responsible for N2 fixation 
(Stafford et al., 2003). Several attempts to mutate rpoN in Me. eapsulatus were made 
without success (Csaki et al., 2003). These data suggest that RpoN is a universal sigma 
factor responsible for transcriptional initiation from many 0-54 promoters, whereas the 
0'54 -dependent activator, MmoR, is operon specific and is crucial for the transcriptional 
regulation of the sMMO operon. 
In Me. capsulatus, two additional genes, mmoS and mmoQ, were identified, 
which showed significant identify to two-component sensor-regulator system (Csaki et 
al., 2003). Two-component systems are widespread in bacteria and are generally 
involved in stimUlus-response coupling mechanisms in sensory systems that detect 
environmental changes. They have become well adapted to modulate a wide variety of 
cellular activities and thus mediate specific responses (Stock et al., 2000). In the Me. 
eapsulatus genome, numerous putative two-component systems have been identified 
on the basis of sequence similarities, although their functions are largely unknown. 
Although the exact function of MmoQ and MmoS is not known, it was hypothesised 
that they may be involved in the copper-dependent regulation of sMMO transcription 
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(Figure 1.11) (Csaki et al., 2003). The MmoS protein is similar to a typical sensor 
protein domain containing histidine kinase and is thought to sense copper ions (via an 
unknown mechanism). MmoQ is assumed to regulate transcription initiation through 
the interaction with MmoR. At the beginning of this study, these genes had not been 
identified in the sMMO gene clusters from other methanotrophs and therefore it was 
not clear how widespread their involvement in regulation of sMMO expression was or 
whether their occurrence was specific to methanotrophs that could produce sMMO. 
In light of these data, it was necessary to further identify and characterise these 
regulatory genes in other obligate methanotrophs and investigate whether mmoR, 
mmoG, mmoQ and mmoS are specific to only sMMO expressing methanotrophs. This 
formed the basis of the initial study, which led to the cloning and sequencing of the 
genes encoding the sMMO enzyme in Ms. sporium strain 5 and the identification of 
duplicate mmoX genes. One of the most surprising results detailed below revealed that 
the sMMO genes of Ms. sporium strain 5 are duplicated, a phenomenon that had not 
previously been observed with sMMO genes in methanotrophs. Despite the initial 
characterisation of sMMO from Ms. sporium at the biochemical level (Pilkington & 
Dalton, 1991), very little was known at the molecular level about the copper-dependent 
expression of MMO in Ms. sporium. In this study, the duplication of mmoX was 
thoroughly investigated by means of transcriptional, biochemical, and mutational 
analysis. In addition, RNA dot blotting techniques were applied to gain key 
information on the copper-dependent transcriptional regulation of MMO in Ms. 
sporium. 
3.2 Screening of obligate methanotrophs for sMMO regulatory genes 
To identify homologues of the regulatory genes, mmoR, mmoG, mmoQ, and 
mmoS in various obligate methanotrophs, a Southern hybridization approach was taken 
using 32P-Iabelled gene probes, peR amplified from either Me. eapsulatus or Ms. 
triehosporium. Genomic DNA from a number of type I and type II methanotrophs 
were digested with various restriction enzymes (Figure 3.1). Initially mmoR, taken 
from pTJSl72 (Smith et al., 2002), was used as a probe for Southern hybridisation. 
Other than Ms. triehosporium 083b, the only other strain that gave signals for mmoR 
was Ms. sporium (Figure 3.2). Radioactive signals for the presence of mmoR 
homologues in Ms. sporium could be seen with all the digests of chromosomal DNA 
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from that orgamsm. The 2.3 kb EcoRI fragment was the largest fragment that 
hybridised with the mmoR probe and therefore was targeted for cloning by 
constructing a size fractionated clone library with pUC 19 cloning vector in E. coli 
TOPOI0F. A total of 624 clones were screened by colony hybridisation using mmoR 
again as a gene probe (Figure 3.3). Plasmid DNA of pTJS 172 containing mmoR from 
Ms. trichosporium, was used as a positive control. Two clones (clones 343 and 407) 
were identified and designated as pHAOOI and pHA002, respectively. Both clones 
were fully sequenced by primer walking. 
Separate Southern blots containing digested chromosomal DNA from various 
methanotrophs were also probed individually with mmoG, mmoQ, and mmoS. The 
mmoG probe was PCR amplified from Ms. trichosporium using primers mmoGF _214 
(5'-ACC AAG GAT GGC GTG ACC G-3') and mmoGR_1288 (5'-TGC GTT GCA 
TGC GTT CCT TG-3') yielding a 1075 bp fragment. The mmoQ and mmoS probes 
were PCR amplified from Mc. capsulatus using primers mmoQF _1430 (5'-TCA CCG 
GCC TGC CCA ACC-3'), mmoQR_1882 (5'-CGT TAC GCC CGT TCT GCT TGA 
C-3'), mmoSF_160 (5'-GCG CTG GAT GGA CTG CTG CTC-3'), and mmoSR_1175 
(5'-TTC CCA TGC TCC GCC TTG AG-3') yielding a 453 bp and a 1016 bp 
fragment, respectively. 
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3000 bp 
2000 bp 
Figure 3.1 Agarose gel (0.9% w/v) of genomic DNA digests of various 
methanotrophs. Restriction enzymes abbreviations E, EcoRI; H, HindU!; P, P tI; S, 
Sail; St, Sst!. Lane contents: lanes 1 & 30, 1 kb DNA ladder (GeneRuler); lanes 2-5, 
Methylococcus capsulatus (Bath); lanes 6-9, Methylosinus trichosporium OB3b; lanes 
to-13 , Methylobacter agile A20; lanes 14-17, Methylocystis parvus OBBP; lanes 18-
21, Methylosinus sporium 5; lanes 22-25, Methylomonas methanica SI; lanes 26-29 
Methylomonas rubra DNA digests. 
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I 'Bath 1 OB3b . A20 ~ OBBP ,. . 5 I Rubra I 
, , 
10 kb EcoRl 
2.3 I{b EcoRJ 3000 bp 
1.8 kb Pst) 2000 bp 
1.4Sstl 
1.2 kbSalI 
1 kbSaIl 
Figure 3.2 Southern blot containing genomic DNA digests from various 
methanotrophs and probed with mmoR from Ms. trichosporium. The sizes of the DNA 
fragments that hybridised to mmoR are indicated. Abbreviation; Bath, Methylococcus 
capsulatus; OB3b, Methylosinu trichosporium; A20, Methylobacter agile; OBBP. 
Methylocystis parvu ; 5, Methylosinus sporium; S 1, Methylomonas methanica; and 
Rubra, Methylomonas. 
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Positive Control 
1 
, 
Clone 353 ....... --...,... 
Clone 407 
Figure 3.3 Colony blot of 624 EcoRl clones in pUCl9 containing Ms. sporium 
genomic DNA fragments, hybridised with mmoR from Ms. trichosporium. The two 
positive clones (Clones 354 or pHAOOl and clone 407 or pHA002) containing mmoR 
homologues are indicated. Plasmid pTJS 172 containing the mmoR fragment from Ms. 
trichosporium was used as a positive control. 
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3.2.1 Summary of Southern blottings 
The main findings of the Southern hybridisation analysis using vanous 
regulatory genes as probes are summarised in Table 3.1. It is worth noting that probes 
generated from type II methanotrophs only hybridised with DNA from other type II 
methanotrophs. For example, both mmoR and mmoG hybridised with only DNA from 
Ms. sporium and no hybridisation was observed with Me. capsula/us DNA, which also 
contained genes for mmoR and mmoG. Similar results were observed when probes 
from a type I methanotroph was used (mmoQ and mmoS). 
Table 3.1 Summary of Southern hybridisation analysis. The source of the gene 
probes are indicated in brackets. (+) indicates the presence and (-) indicates the 
absence of a homologue in the respective organism. 
Type I Type II ---+ 
!VIcthanotrophic strains 
Gene Probes 8ath rllbra A20 SI 5 083b 088P 
mmoR(083b) + + 
mmoG(083b) + + 
mmoQ (8ath) + 
mmoS (8ath) + 
3.2.2 Sequence analysis of pHAOOl and pHA002 
pHAOOI and pHA002 were sequenced as described in Section 2.8. The 
physical map and the putative orfi;, as predicted by Clone Manager 5 (version 5.03), 
are shown in Figure 3.4. 
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A. 
EcaRI EcoRI 
~------------------------ -- -------------------------~ 
orf-I orf-2 orf-4 
200 bp 0'1-3 
pH AOOI : Conlig 2 (984 bp) 
HTH 
I 20 M I ORF-2 (106 AA) 
B. 
EcoRI £CoRI 
orf-I 0,/-4 
0'1-2 0'1-5 
200bp 
I I 
or/-3 
orf-6 
pHAOO2 (2447 bll) 
-Activator HTH PAS HisKa 
I 100M I ORF-I (311 AA) ORF-2 (302 AA) 
Figure 3.4 Genetic maps of clones pHAOOl and pHA002. A) Clone pHAOOI 
consists of two contigs. The unsequenced region between the two contigs is indicated 
by the blue dotted line. orf-2 contains a sequence encoding a putative DNA-binding 
helix-turn-helix (HTH) domain B) Clone pHA002. The putative protein encoded by 
or/-l contains an activator domain, which is a crS4 interaction domain with a HTH 
domain. or/-2 contains a sequence encoding a putative PAS domain, which may be 
associated with the input domain of a histidine kinase (HisKa). The orfs are indicated 
by red arrows. Notes: The orf and domain boundaries are shown to scale as indicated 
by the scale bars. 
The putative orfs were translated to amino acid sequence In all six reading 
frames and searched for conserved domains usmg MotifScan 
(http://au.expasy.org/prosite/). Clone pHAOOl was not fully sequenced and thus is 
represented as two contigs. From the four putative contigs identified in clone pHAOO 1, 
only or/-2 had a conserved domain of a helix-tum-helix (HTH) domains. HTH 
domains are DNA binding domains, which are typically present in transcriptional 
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regulators. Similar HTH domains can be found in the cr54 dependent transcriptional 
regulators such as MrnoR identified in some methanotrophs (Figure 3.5). 
----------~ .......... -----
Activator HTH8 
Mefhylococcus capsulafus (Bath) (581 AA) 
GAF Activator HTH8 
Mefhylosinus tric/lOsporium OB3b (649 AA) 
GAF Activator HTH8 
Mefhylocella sylvesfris BL2 (660 AA) 
-Activator HTH8 
Mefhylosinlls sporium 5 (183 AA) 
I 100M I 
Figure 3.5 Major domain architecture of MrnoR, a cr54 dependent transcriptional 
activator, from a number of methanotrophs. GAP domains are typical signalling 
domain and are evolutionarily linked between diverse transducing phototransducing 
proteins. The activator domain is typical of a crs4-dependent activator. 
Clone pHA002 was fully sequenced and was 2447 bp in length. A number of 
putative oris were identified from which only two contained identifiable conserved 
domains. or/-l encoded a 311 amino acid polypeptide with conserved domains for a 
typical crS4 interaction domain involved in ATP-dependent interaction with crS4 for 
activation of transcription from a crS4 promoter. Almost all of these transcriptional 
activator proteins are associated with HTH domain (Pro site documentation No: 
PDOC00579), which is also the case in Orf-1. or/-2 encoded a 302 amino acid 
polypeptide with PAS and HisKa conserved domains. Both of these domains are 
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common features belonging to signal transduction two-component systems, which 
possess a sensor-kinase protein. PAS domains are usually associated with the sensor 
protein that regulates a histidine kinase (Prosite documentation No: PDOC50112). 
Histidine kinase domains are regulated by input signals from sensing domain (PAS and 
GAF domains) and when activated, a conserved histidine residue IS 
autophosphorylated, creating a high-energy phosphoryl group. The phosphoryl group 
is subsequently transferred to an aspartate residue in a response regulator domain, 
which are generally known as response regulators (RR) or receiver domain (Prosite 
documentation No: PDOC50109 and PDOC5011O). 
3.3 Cloning the sMMO operon from Ms. sporium 
Among methanotrophs that were studied in the preceeding section, apart from 
Me. eapsulatus and Ms. triehosporium, only Ms. sporium is known to produce sMMO 
and so the fact that Ms. sporium was the only other strain where homologues to mmoR 
and mmoG were identified (Table 3.1), is consistent with the specific roles of these 
genes in the regulation of sMMO. 
At the beginning of this study, the only sequence information available for the 
sMMO genes of Ms. sporium comprised a number of partial mmoX sequences 
(GenBank accession numbers: AJ458528, AJ458525, AJ458520, AJ458512, and 
AJ4S8S11). In order to clone and sequence the sMMO operon from Ms. sporium and 
to locate mmoR and mmoG with respect to the sMMO operon, mmoX was PCR 
amplified from Ms. sporium using mmoX206F (5'-ATC GCB AAR GAA TAY GCS 
CG-3') and mmoX886R (5' -ACC CAN GGC TCG ACY TTG AA-3 ') primers 
described previously (Hutchens et al., 2004). The 718 bp PCR product was 
radio labelled as described in Section 2.7.4 and hybridised to a Southern blot containing 
digests of Ms. triehosporium and Ms. sporium genomic DNA (Figure 3.6). A number 
of targets were identified for cloning mmoX from Ms. sporium. From the initial 
analysis, it can be seen that two DNA fragments from each of the Ms. sporium digest 
hybridised to mmoX probe compared to the Ms. triehosporium DNA digest, indicating 
the possibility of duplicate mmoX genes in Ms. sporium. 
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A. B. 
.... 3kb 
.... 2kb 
2J~ 5 6789 
E SI PE S I P 
-
S.9"'b --+ -
.... _ ...... S. I ... h 
3Akb --+ 
...-...... - 2.3kb 
Figure 3.6 A) Agarose (0.9% w/v) gel containing Ms. trichosporium and M. 
sporium DNA digests. B) A outhem blot hybridi ed with mmoX gene probe. The 
approximate DNA fragment sizes of mmoX homologues are indicated with black 
arrows from Sail digests and red arrows from EcoRI digests. Restriction enzymes 
abbreviations, E, EcoRI; P, P tI; S, Sail; St, Sst I. Lane contents: lanes 1 & 10, 1 kb 
ladder (GeneRuler); lanes 2-5, Ms. trichosporium; lanes 6-9, Ms. sporium DNA 
digests. 
In order to identify and sequence the possible duplicate mmoX genes in Ms. 
sporium, two separate partial clone libraries were constructed as described in Section 
2.7.2. The approximate 2.3 kb and 3.4 kb SaIl and the approximate 5.1 kb and 5.9 kb 
EcoRI digested genomic DNA fragments, were cloned into pUC19 multiple cloning 
vector for constructing partial clone libraries. For each library, 625 E. coli TOPlOF 
clones were screened by hybridisation using mmoX as a gene probe (Figure 3.7). Two 
Sail clones (clones 205 and 565) were identified, which were designated as pHA003 
and pHA004, respectively, and four EcoRI clones (clones were 329, 342, 474, and 
506) were identified and designated as pHA005, pHA006, pHA007, and pHA008. 
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A. 
_ .... Clone~05 
• 
• 
... Clone 565 
B. 
I 
Clone 329 Clone 342 
• I 
Clone 474 
~ 
Clone 506 
I 
Figure 3.7 Colony blots of A) 625 Sall clones and B) 625 EcoRl clones containing 
Ms. sporium genomic DNA fragments, hybridised with mmoX gene probe. The clone 
numbers of the positively identified clones are indicated. 
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The presence of the mmoX gene within the six clones was further confirmed, prior to 
sequencing, by PCR amplifying mmoX from each of the clones using the mmoX206F 
and mmoX886R primers (Figure 3.8). 
1018 bp 
506 bp 
Figure 3.8 Agarose (1 % w/v) gel showing mmoX PCR products amplified from 
clone pHA003, pRA004, pHA005, pHA006, pHA007, and pHA008 in lanes 2-7 
respectively. Lane 1 contained the negative control. 
Clone pHA003 and pHA004 from the San library was fully sequenced. From 
the EcoRI library, only clones pHA006 and pRA007 were fully equenced since 
pHA006 was identical to pHA008 and pHA007 was identical to pHA005. Sequencing 
of clones pHA003 and pHA004 initially confirmed the presence of duplicate copies of 
mmoX in Ms. sporium. Upon sequencing, clones pRA006 and pRA007 were found to 
be extensions of pMHA003 and pMHA004, respectively (Figure 3.9). Clone pHA006 
contained the sequence for the mmoX gene and no other genes could be identified 
upstream or downstream of mmoX. Clone pHA007 contained the sequence for mmoX 
flanked by mmoG and the 5' portion of mmoY. 
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Figure 3.9 Physical maps of the chromosomal region containing the sMMO 
operons in Ms. sporium. A) mmoXl is within an operon containing all the genes for 
sMMO expression. B) mmoX2 is present on its own in the chromosome. Clones used 
for sequencing are indicated by thick black lanes. Inverse PCR products are indicated 
by horizontal dotted blue lines between the P tI sites. The unique Pvull and MscI sites 
within the mmoX genes are indicated (Note: Not all restriction sites are indicated). The 
gene boundaries are shown to scale and are indicated by the scale bar. 
In order to target the remainder of the sMMO structural genes and investigate 
the possible duplication of other sMMO structural genes, another Southern blot was 
prepared and hybridised with mmo Y PCR amplified from pHA007 using primers 
mmoY_F (5'-COC ACG ACC GAC TOG TAT C-3') mmoY_R (5'-CGA CTO CGC 
COT GAA OAA 0-3'). From the Southern blot (Figure 3.10), it was clear that mmoY 
was present as a single copy in the chromosome. Following the screening of a ClaI 
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library containing 625 E. coli TOPIOF clones, three clones (441, 563, and 573) 
designated pHA009, pHAOIO, and pHAOll , respectively, were identified (Figure 
3.10). Only pHAOlO was fully sequenced by Julie Scanlan, which contained partial 
mmoC and all the other tructural genes for sMMO (mmoXYBZC). 
A. B. 
Figure 3.10 A) A Southern blot containing M. porium genomic DNA dige ted 
with BamHI, CZar, and ael in lanes 1-3 respectively and probed with mmoY. B) A 
colony blot of 625 E. coli TOPIOF clones containing CZaI fragments of Ms. sporium 
genomic DNA probed with mmoY. All three positive clones pHA009, pHAOlO, and 
pHA011 were identical. 
Inverse PCR (Section 2.6.1) using primer mmoC_F (5'-AAT GGC GTC GCC 
AAG GGA AC-3'), mmoC_R (5'-CCG CCA CCT GCA CAT CGA G-3 '), mmoG_F 
(5'-ACG GCT CGA CGA CCT CTG-3'), and mmoG_R (5'-GAT TAG TGT CGT 
GGC CAG GA-3') were u ed to complete the sequence of mmoC and to obtain partial 
DNA sequence of mmoR located 5' of mmoG. The mmoX gene present in the full 
sMMO operon was designated a mmoXl and the lone copy of mmoX gene de ignated 
as mmoX2. The sequencing of the sMMO operon including mmoG and mmoR and the 
second lone copy of mmoX is summari ed in Figure 3.9. 
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3.4 Sequence analysis of the sMMO operon 
The mmoXl gene was found in a full operon of sMMO structural genes 
(mmoXYBZDC). The arrangement of the structural genes encoding sMMO enzyme in 
Ms. sporium was identical to those sequenced previously (Cardy et aI., 1991 b; 
McDonald et al., 1997; Shigematsu et al., 1999; Stainthorpe et aI., 1990) (Figure 1.8). 
The mmoX2 gene was found on its own and more than 2 kb of DNA sequence 5' of 
mmoX2 was sequenced. However, no significant sequence match could be found to 
any known DNA sequence when searched against GenBank database. Alignments of 
the sMMO gene cluster with other sMMO gene clusters, clearly demonstrated that Ms. 
sporium is most closely related to Methylocystis sp. Strain M, with nucleotide 
sequences between 81 to 97% identity. The nucleotide sequence identity with mmoXl 
and mmoX2 to Methylocystis sp. strain M was 96 % and 88 %, respectively, and 89 % 
ad 92 % identity between each other at the nucleotide and amino acid level. The 
evolutionary relatedness of the duplicate copies of mmoX was further investigated by 
phylogenetic analysis using reference mmoX sequences from GenBank (Figure 3.11). 
Both copies of mmoX from Ms. sporium branched within mmoX sequences 
from other type II methanotrophs. The mmoXl sequence was closest to mmoX 
sequences from other Ms. sporium with -97% identity, whereas mmoX2 sequence was 
closest to mmoX sequences from Methylocystis. spp. with -90 % identity. 
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Figure 3.11 Phylogenetic tree of mmoX nucleotide sequences. The alignment was based on mmoX sequences longer than 1200 bp. The 
two main clades separating the Type I and Type II methanotrophs are indicated. The related butane monooxygenase (bmo) from 
'Pseudomonas butanovora' belonging to the y-subdivision of proteobacteria was used to root the tree. The accession numbers of the 
reference mmoX sequences are shown in parentheses. 
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3.4.1 Transcriptional regulators, mmoG and mmoR 
The two orfs located upstream of mmoX were identified as mmoG and mmoR, 
encoding a GroEL homologue and a 054.dependent transcriptional regulator, 
respectively. Both of these genes have been identified and characterised in other 
methanotrophs, where they have been shown to be essential for sMMO expression 
(Csaki et al., 2003; Stafford et al., 2003). In those methanotrophs where mmoG and 
mmoR have been identified, they are found in close proximity to the sMMO operon, 
however, the exact arrangements of these genes vary from one strain to another (Figure 
1.8). The arrangement of mmoG and mmoR with respect to the complete sMMO 
operon in Ms. sporium was identical to the arrangement found in Ms. triehosporium 
(Stafford et al., 2003). 
3.4.2 crS4 promoters and ribosomal binding sites 
Transcription of the sMMO operon in Me. eapsulatus and Ms. trichosporium is 
initiated from a 0 54 promoter located at the 5' end of mmoX (Csaki et al., 2003; 
Nielsen et al., 1996; Nielsen et al., 1997). A closer examination of the sequence 
upstream of the mmoX genes in Ms. sporium revealed the highly conserved sequence 
resembling 0 54 recognition sites and putative transcriptional start sites were also 
identified in both copies of mmoX. The 0 54 recognition site (TGGCAC-Ns-TTGCW) 
(Barrios et al., 1999) has been identified 5' of mmoX in all methanotrophic strains 
analysed (Table 3.2). The Shine-Dalgarno sequence (SO) located upstream of the 
translation initiation codon (AUG) for mmoX was also identified and aligned with 
other SO sequences for mmoX. The SO sequence (GAGGA), with the exception of 
mmoX2 of Ms. sporium was found to be highly conserved among the sequences 
analysed. Upstream of the AUG of mmoX2, two overlapping putative SD sequences 
were identified. The first SD sequence had one base pair mismatch to that of the 
consensus SD sequence for mmoX genes and was located 6 bp from the start codon. 
The second SO sequence was located 3 bp from the start codon and was identical to 
the consensus SD sequence (Table 3.2). It is not known whether one or both of these 
SO is involved in ribosome binding and thus initiation of translation from the AUG of 
mmoX2. 
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Table 3.2 Alignment of the mmoX crS4 promoters and the SD sequences of various methanotrophs. The -24 and -1 2 recognition sites 
for crS4 promoter are highlighted in blue and the putative transcriptional start sites in red. The distances between the transcriptional start 
si tes and the initiation codons (AUG) are shown in brackets. The conserved SD sequences are highlighted in green and the distances 
between the SD sequence and the AUG are indicated in brackets. SD = Shine-Dalgarno. W = A or T. Ms, Methylosinus; Mey, 
Methyloeystis; M, Methyloeella; Me, Methyloeoeeus; Mm, Methylomonas. 
Strain sMMO (J54 promoter sequence SD sequence GenBank Reference 
accession no: 
Bacterial consensus -24 -12 GAGGA2 i (Barrios et al., 1999) TGGCACNNNNN TTGCW i 2(Shine & Dalgarno, 1974) 
Ms. sporium (mmoXl) TCAGTGGCACGAGGCTTGCCATAACAATAAGCGTCGT (143) TGAGGAGGAAGAAGCATG ( 6) DQ386732 This study 
Ms. sporium (mmoX2) ATTACGGCACACACCTTGCTGTGAAAGAACCGACGTC (133) TCCAGCGGAGGAATCATG ( 6) DQ386733 This study TCCAGCGGAGGAATCATG (3) 
Ms. triehosporium OB3b CGAGTGGCACAGGCCTTGCCAAATAAGAAGCGT CGAC (149) TCAGGAGGAACAAGCATG ( 6) X55394 (Cardy el aI. , 1991b) 
Mey. strain M TGACTGGCACGCGCCTTGCCAAATAAGTCGGGTCATC (148) GTAGGAGGAACAAGAAATG (7) U81594 (McDonald et 01. , 1997) 
M. silveslris BL2 AGCGCGGCGCCACACTTGCTGATAGGGTAGCGCCACA (97) CAAGGAGGAGACATATG (5) AM072757 (Theisen et aI. , 2005) 
Me. capsulatus (Bath) AAAGTGGCACGATCCCTGTAACTAGGTTGTCACGACC (186) TACGGAGGAAACAAGTAATG (8) AEOI7282 (Ward, 2004) 
Mm. strain KSPIII ATGCTGGCACGTGTGTTGCAATCTGCCCTGCGAGGCT (108) CAACGAGGATTCAATATG (6) AB025021 (Shigematsu et of. , 1999) 
Mm. strain KSWIII ATACTGGCACACGTGTTGCAATCTGACCACCGAGGCT (108) CAACGAGGATTCAATATG (6) AB025022 (Shigematsu et of. , 1999) 
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3.5 Transcriptional, biochemical and mutational analysis of MMO 
3.5.1 Transcriptional analysis of MMO 
To investigate whether the MMO genes in Ms. sporium are differentially 
regulated by copper at the level of transcription as in other methanotrophs, such as Me. 
eapsulatus and Ms. trichosporium (Nielsen el al., 1996; Nielsen et al., 1997), it was 
necessary to carry out RNA dot blotting and RT-PCR. 
In order to obtain good quality biomass, expressing pMMO and sMMO grown 
under high and low copper growth conditions respectively, it was necessary to 
cultivate Ms. sporium in a 5 L fermentor as described in Section 2.2.3. Three separate 
batch cultures were grown in the 5 L fermentor. The first batch culture contained I f.!M 
CUS04 and did not express sMMO. The second batch was grown with no added copper 
and after 16 hours of growth the cells were expressing sMMO, as detected by the 
naphthalene assay (Section 2.10.1). The third batch was grown with 5 f.!M CUS04 and 
no sMMO activity was detected (Figure 3.12). 
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Figure 3.12 Growth curves of Ms. sporium grown in a 5 L fermentor under different 
copper concentrations. The first batch, represented by blue diamonds, was grown in 
medium containing 1 f.!M CUS04. The second batch, represented by purple boxes, was 
grown in medium containing no added copper. The point at which sMMO activity was 
first detected is indicated on the graph. The final batch, represented by red triangles, 
was grown in medium containing 5 IlM CUS04. The points at which ceJIs were 
harvested for RNA and protein extractions are indicated by circles. 
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sMMO and pMMO expressing cells were harvested during mid-exponential 
growth phase from batch 2 and 3, respectively (Figure 3.12). Total RNA and soluble 
proteins were extracted for subsequent molecular and biochemical analysis. 
RNA dot blots were prepared as described in Section 2.7.3 , containing various 
amounts of total RNA extracted from sMMO expressing cells (batch 2) and pMMO 
expressing cells (batch 3). The RNA dot blots were subsequently probed with mmoX, 
prnoA, and 16S rRNA gene probes PCR amplified from Ms. sporium using primers 
previously described (Holmes et ai. , 1995; Hutchens et ai. , 2004) (Figure 3.] 3). 
2 3 2 3 
",,,,oX 
2 3 
2 x sse al 6soe. Two hours exposure. 
Figure 3.13 RNA dot blots containing RNA from pMMO (top row) and sMMO 
(bottom row) expressing cells hybridized with the mrnoX, pmoA and 16 rRNA gene 
probes, respectively. Columns 1 - 3 contain 0.5, 1.5, and 3 !Jg total RNA, respectively. 
Approximately 6 ng of the amplified gene probe was used as a positive control for 
hybridisation. The blot washing conditions and the times of exposure to the x-ray film 
are indicated below each blot. 
The mrnoX DNA probe hybridized only with RNA extracted from sMMO 
expressing cells, thus indicating that the transcription of the sMMO, presumably from 
the crS4 promoter, is totally repre sed under high copper-to-biomass ratio. The pmoA 
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DNA probe, however, hybridised with RNA extracted from both pMMO and sMMO 
expressing cells. A separate RNA blot was probed with a 168 rRNA gene probe as a 
control experiment to examine the extent of RNA degradation of the different RNA 
samples. 
It is noteworthy that the mmoX gene probe used for probing the RNA dot blot 
contained both copies of mmoX Therefore, in order to investigate whether both copies 
of mmoX were transcribed, RT-PCR was performed on RNA extracted from sMMO 
expressing cultures. The cDNA was synthesised and amplified using the degenerate 
mmoX primers described previously (Hutchens et aI., 2004) which yielded a 718 bp 
product. The PCR products containing the duplicate copies of mmoX gene were 
distinguished from each other by digesting with the restriction enzymes PvuII or Msc!. 
mmoXl contained a unique Pvull site and yielded two fragments of 429 bp and 291 bp 
when the PCR product was digested with Pvull. Conversely, the PCR product 
containing mmoXl yielded two DNA fragments of 555 bp and 163 bp when digested 
with Msc!. In order to clarify that the degenerate primers used were not biased towards 
one copy of mmoX, mmoX was amplified from genomic DNA and digested 
individually with Pvull and Msc!. Equivalent amounts of DNA fragments were 
obtained from both Pvull and MscI digestions, indicating that there was no inherent 
PCR bias towards a particular copy of mmox' This also ruled out the possibility of 
inefficient digestion by either of the restriction enzymes. A similar experiment was 
performed in duplicate on cDNA generated using the mmoX primers. Judging by the 
amounts of the DNA fragments that were obtained following the selective digestion of 
the mmoX genes, the data clearly suggested that there were more transcripts 
corresponding to mmoXl than mmoXl (Figure 3.14). It is noteworthy that although 
RT -PCR can not be used as an absolute measure for the relative quantification of 
mmoX mRNA in situ, it can be used as a crude method for the measurement of the 
relative abundance of mRNA transcripts in situ with the support of the appropriate 
controls, as used in these experiments. 
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L 2 3 4 5 6 L 
Figure 3.14 RT-PCR. mmoX amplified by peR from genomic DNA using 
mmoX206F and mmoX886R primers and digested with MscI (lane 1) and Pvull (lane 
2). mmoX amplified from eDNA using mmoX206F and mmoX886R primers and 
digested with MscI (lane 3 & 5) and PvuIJ (lanes 4 & 6). L = DNA ladder. Notes: 
Pvull restriction site is unique to mmoXl and Msc! is unique to mmoX2. 
3.5.2 Biochemical analysis of MmoX expression 
The question of whether both copies of mmoX were translated into functional 
hydroxylase was also addressed. Cell-free extracts from sMMO expressing cultures 
were prepared as described in Section 2.9.1 and separated on a 12.5 % (w/v) SDS-
PAGE gel (Figure 3.15). 
The a-subunit of the hydroxylase was cut out with a scalpel and digested with 
trypsin and subsequently analysed by LC-ESI-MS/MS by the Biological Mass 
Spectrometry and Proteomics Group at Warwick, using three alternative methods. The 
first method analysed the most abundant peptides for which tandem MS experiments 
were performed. The second analysis was performed on peptides unique to mmoX2 and 
the third analysis was performed by instructing the software to ignore all peptides 
common to both copies of mmoX. The resulting MSIMS spectra were searched against 
an in-house database. The most abundant peptides identified were either unique to 
MmoX1 or common to both MmoX and therefore could not be differentiated. No 
peptides unique to MmoX2 were identified. Therefore it is not clear whether MmoX2 
is assembled into active enzyme or whether there is not enough of the protein present, 
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due to the low levels at the mRNA level, and thus the identification of MmoX2 
polypeptides are below the detection limits of the LC-ESI-MS/MS used in this study. 
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Figure 3.15 SDS-PAGE (12.5 % w/v) contammg varying amounts of cell-free 
extracts from Ms. sporium expressing sMMO. Lanes 1-8 contain increasing amounts 
of crude cell-free extracts from 42 Ilg to 196 Ilg. A Dalton VII molecular marker was 
used either side of the samples and their sizes are indicated on the sides. 
3.5.3 Marker-exchange mutagenesis 
The data presented in Section 3.5.1 suggest that both copies of mmoX are 
transcribed. However, from the biochemical analysis there is no clear evidence that the 
mmoXl gene product is incorporated into a functional hydroxylase, thus raising the 
possibility that the mmoXl gene may not encode a protein that is functional in this 
strain. In order to definitively conclude whether the duplicate copies of mmoX were 
functional and thus playa role in the formation of an active sMMO, knock-out mutants 
were constructed individually on both copies of mmoX by marker-exchange 
mutagenesis. The construction of mmoX mutants would then allow us to answer the 
question of whether the expression of one copy of mmoX can compensate for the 
deletion of the other copy. This section describes the molecular approaches used to 
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construct the suicide vectors required for replacing a portion of the mmoX genes with a 
gentamicin cassette and thus the construction of mmoX mutant strains. 
Two regions flanking mmoXI and mmoX2 were amplified by PCR usmg 
primers listed in Table 3.3 and were designated products A-to-D, respectively (Figure 
3.16A & B). 
Table 3.3 PCR pnmers used to selectively amplify mmoX genes for the 
construction of the suicide vectors, pMHA500 and pMHA501. The sequences 
highlighted in red indicate restriction sites introduced deliberately to facilitate cloning. 
Primers Sequence Product 
mmoXIAF 5' -CCGCAA TCT AGACATCGAGCATC-3' 
A 
mmoXlAR 5' -CGCGAGACTGCA TGCCATGC-3' 
mmoXlBF 5'-ACGCCAAGACGCATGCCTATTG-3' 
8 
mmoXIBR 5' -GACGCGAAGCTTCGAA TGAAG-3' 
mmoX2CF 5' -CTCTCTCT AGAGCGTCATCGTC-3' 
C 
mmoX2CR 5' -CGCA TTGCA TGCGAGACTGA T AGG-3' 
mmoX2DF 5 '-CATATGGCATGCGGCTATCAGAC-3 , 
D 
mmoX2DR 5' -CGAGTCTGT AAGCTTGAGAGT AGC-3' 
(Note: Due to the high similarity between the two copies of mmoX genes at the DNA 
level, it was difficult to design primers to selectively amplify a DNA fragment from 
within the mmoX gene. Fortunately, the DNA sequencing flanking the mmoX genes 
had no significant sequence similarity. Therefore, the respective mmoX genes were 
selectively amplified by designing one primer internal and the other external to the 
mmoX gene). In order to facilitate cloning of these products into the cloning vector, 
pKI8mob, XbaI and SphI sites were introduced into the forward and reverse primers 
respectively of product A and C, and SphI and HindIII sites into the forward and 
reverse primers respectively of product Band D (Table 3.3). 
Product A and B, and C and D were cloned into pKI8mob via XbaI and 
HindIII sites to give the intermediate construct pMHA500.l and pMHA50 1.1, 
respectively. A 913 bp SphI fragment from p34S-Gm containing the gentamicin 
resistance (GmR) gene was cloned via the SphI site between product A and B, and C 
and D to give the final constructs pMHA500 and pMHA501, respectively (Figure 
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3.16C). pMHA500 and pMHA501 were used to transfonn E. coli S I 7.1 Apir by 
electroporation (Herrero et aI., 1990). This was then used as a donor strain for 
conjugation of the two suicide plasmids into Ms. sporium. Conjugations were carried 
out using the method described in Section 2.5.1. The knock-out mutant strains were 
isolated through replica plating ofthe respective transconjugants onto NMS agar plates 
containing gentamicin (5 J.lg mrl) alone and gentamicin (5 J.lg mrl) plus kanamycin 
(15 J.lg mrl). From the 40 transconjugants screened, more than 50 % were a result of a 
double homologous recombination event. Isolation of mmoXl and mmoX2 mutants 
strains were designated as Ms. sporium ~mmoXl and ~mmoX2 strains, respectively. 
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Figure 3.16 Strategy for constructing M. sporium ~mmoXl and ~mmoX2 strains. 
(a) & (b) mmoXl and mmoX2 and flanking DNA regions. Primers used to amplify the 
flanking regions of mmoX, yielding products A-to-D, are indicated. Restriction sites 
highlighted in green and orange were introduced by peR to facilitate cloning (See 
Table 3.3). The region between the SphI sites is the ' knock-out' region and is indicated 
by the dotted lines. (c) The suicide plasmid constructs pMHA500 and pMHA50 I used 
to knock-out mmoXl and mmoX2, re pectively. 
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3.5.4 Confirmation of funmoXI and funmoX2 genotype 
Ms. sporium 8.mmoXl and 8.mmoX2 was effectively constructed by removing a 
1007 bp and a 726 bp DNA fragment from the mmoX gene of copy 1 and 2, 
respectively and replaced with a 913 bp gentamicin cassette. The proposed genotype is 
shown in Figure 3.17. 
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Figure 3.17 The genotype of Ms. sporium 8.mmoXl and 8.mmoX2 strains, 
respectively, following double homologous recombination event (A) and (B). The 
primers used to confirm the deletion of the 'knock-out' regions and the insertion of a 
gentamicin cassette are indicated. 
The genotype of the Ms. sporium 8.mmoXl and 8.mmoX2 strain was confirmed 
by amplifying by PCR, the regions flanking the knock-out regions using primers 
KOmmoXlF (5'-CAC GTI CGG ATC TGC GAC TG-3') KOmmoXlR (5'-TTC GCC 
TCG AAC CAC TCC TG-3') to confirm knock-out of mmoXl, and primers 
KOmmoX2F (5'-CTG ACA CCG CAT GAT AGC TIC G-3') and KOmmoX2R (5'-
CAG CGG TTC CAG GTC TIC AC-3') to confirm knock-out of mmoX2. The 
differences in length of the PCR products obtained from the wild-type and mutant 
strains confirmed the chromosomal deletion of the mmoX gene and the insertion of the 
gentamicin cassette (Figure 3.18). 
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1018 bp 
Figure 3.18 Agarose gel (1 % w/v) confirming the genotype of Ms. sporium 
~mmoXl and ~mmoX2 mutant strain. The KOmmoXl primers were used to amplify 
mmoXfrom genomic DNA extracted from wild-type [lane 1 (1195 bp)] and ~mmoXl 
[lane 2 (1104 bp)] strain. The KOmmoX2 primers were used to amplify mmoX from 
genomic DNA extracted from wild-type [lane 3 (1129 bp)] and ~mmoX2 [lane 4 (1316 
bp)] strain. The difference in peR product length reflects the chromosomal deletion of 
mmoX and the insertion of a gentamicin cassette. A 1 kb DNA ladder was used 
(Invitrogen). 
3.5.5 Phenotypic characterisation of Ms. sporium ~moXl and ~moX2 strains 
The ability of the mutant strains to oxidise methane using the sMMO enzyme 
was assessed using the naphthalene plate assay described in Section 2.10.1 (Figure. 
3.19A). Ms. sporium ~mmoXl strain was unable to oxidise naphthalene indicating loss 
of sMMO activity, whereas Ms. sporium !1mmoX2 strain retained wild-type sMMO 
activity and was thus able to oxidise naphthalene. 
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(A) 
Ms. sporium AmmoXl Ms. sporium IlmmoX2 
(8) 
(e) 
WT IlnrmoX 1 WT IlmmoXl 
IlnrmoX2 
(pMMO) ( MMO) 
Figure 3.19 Phenotypic characterisation of Ms. :porium ~mmoXl and ~mmoX2 
mutant strains (A) The sMMO activity of Ms. sporium ~mmoX1 and ~mmoX2 strains 
analysed using the naphthalene plate assay. For each mutant strain, three 
transconjugants resulting from double homologous recombination event were tested 
and Ms. sporium wild-type strain was used as a positive control. sMMO naphthalene 
positive colonies appeared purple. (8) The pigmentation profiles of M. porium wild-
type and ~mmoXl and ~mmoX2 strains grown on normal NMS medium and (e) NMS 
medium containing excess Fe-EDT A (5 11M) and with no added copper ( MMO 
expressing condition) and excess copper (5 /-1M eu 0 4) (pMMO expressing 
condition). The colonies producing the water soluble pigment appeared brown. 
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Ms. sporium has the ability to form a brown-black water soluble pigment, 
which is one of the main differences between the Methylosinus subgroups (Anthony, 
1982; Whittenbury et al., 1970). Production of the pigment was notably apparent after 
growth on NMS agar plates for 10-14 days at 30°C when the pigment production 
caused the agar plate to become brown. The ~mmoXl strain, which had lost sMMO 
activity, also lost the ability to form the water soluble pigment, whereas the ~mmoX2 
strain was still capable of producing the pigment (Figure 3.198). The production of the 
pigment initially seemed to be related to the expression of sMMO. However, it was 
noted by Whittenbury et ai, (1970) that the pigmentation was only apparent on iron-
deficient medium. This was confirmed by growing Ms. sporium and the mutant strains 
on NMS plates containing excess iron conditions. Under excess iron and pMMO 
expressing conditions, none of the strains produced the water soluble pigment, whereas 
under iron excess and sMMO expressing conditions, only the sMMO expressing 
strains (i.e. The wild-type and ~mmoX2 strains) produced the water soluble pigment 
(Figure 3.19C). 
3.6 Complementation of sMMO minus mutant by heterologous expression 
The recombinant expression of sMMO from Ms. trichosporium and Mc. 
capsulatus has been shown previously (Lloyd et al., 1999a; Lloyd et al., 1999b) using 
the broad-host range plasmids pVKI00Sc and pVKI04. These plasmids contained all 
the structural genes encoding for the sMMO enzyme, the native promoter and the 
transcriptional regulatory genes, mmoG and mmoR. In order to demonstrate the 
complementation and the heterologous expression of sMMO in Ms. sporium, plasmids 
pVKIOOSc and pVK104 were conjugated into Ms. sporium ~mmoX1 strain 
individually. Six transconjugants from each conjugation were selected on replica 
copper minus NMS agar plates containing gentamicin (10 Jlg mr') and kanamycin (15 
Jlg mr'). 
3.6.1 Characterisation of heterologous sMMO expression 
Ms. sporium ~mmoX1 strains containing plasmid p VK 1 OOSc and p VK 104, 
respectively, were all expressing active sMMO as judged by the naphthalene plate 
assay and the ability to secret the water soluble pigment causing the discolouration of 
85 
the agar plates. The intensity of the purple colour formed from the naphthalene plate 
assay and the discolouration of the agar plates from the production of the water soluble 
pigment, were low compared to that of the wild-type strain indicating low level 
expression of the recombinant sMMO (Figure 3.20). 
tunmoXl : p VK lOOSe b.mmoXI:pVKI04 
Figure 3.20 Ms. sporium ~mmoX1 strains contammg the sMMO expression 
plasmids, pVKlOOSc and pVK104 respectively. The production of the water soluble 
pigment in these strains can be seen from the slight discoloration of the colonies and 
agar plates (Compare with figure 3.19B). 
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3.7 Discussion 
The data presented in this study indicate that the transcription of sMMO operon 
in Ms. sporium is regulated by copper from a copper-regulated (J54 promoter and is 
similar to those studied previously (Nielsen et al., 1996). However, contrary to the data 
presented previously (Nielsen et al., 1997) on the copper-dependent reciprocal 
transcriptional regulation of MMO, data presented here suggest that transcription of 
the pmoCAB operon in Ms. sporium is not regulated by copper ions. In addition, the 
regulatory genes, mmoG and mmoR, have been cloned and sequenced and duplicate 
copies of mmoX gene have been identified and characterised at the molecular and 
biochemical level. 
The Southern hybridisation screenings of a wide range of methanotrophs for 
the regulatory genes mmoG and mmoR indicated that they are specifically present in 
sMMO expressing methanotrophs. Indeed, homologues of mmoG and mmoR could not 
be found in any other strains. Since this study, the sMMO operon and the regulatory 
genes from another sMMO expressing methanotroph, M. silvestris BL2 has been 
cloned and sequenced (Theisen et al., 2005). This gives us further evidence that the 
regulatory genes mmoG and mmoR are specifically present in sMMO expressing 
methanotrophs and that they are key players in copper-dependent regulation of the 
transcription from the mmoX (J54 promoters. The role of mmoG and mmoR in 
transcription initiation has been further characterised in Me. eapsulatus and will be 
discussed in Chapter 5. 
The two-component sensor-regulatory genes, mmoS and mmoQ respectively, 
present in Me. eapsulatus. could not be identified in any other methanotrophs. These 
data coupled with the data obtained from transposon mutagenesis experiments 
(Chapter 6), where a mutant in mmoQ was isolated, which was still capable of 
expressing sMMO, suggest that these genes may not be involved in copper-mediated 
transcriptional regulation as hypothesised previously (Figure 1.11) (Csaki et al., 2003). 
Despite not identifying homologues of mmoS and mmoQ via Southern probing 
approach, two clones, pHAOOI and pHA002, were identified from the size fractionated 
EcoRI library containing Ms. sporium DNA probed with mmoR. pHAOOI contained a 
putative HTH domain, which is a DNA binding domain of a typical transcriptional 
regulator. pHA002 contained two putative orfs in the same transcriptional orientation 
with conserved domains resembling a typical two-component sensor regulatory 
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system. The gene (orf-2) encoding the sensor protein contained conserved domains 
indicative ofa histidine kinase (HK) and a PAS domain. The gene (VIi· I) encoding the 
regulatory protein had typical domain architecture for a cr54-dependent transcriptional 
regulator, such as MmoR, with a cr54 interaction domain and an HTH domain. It is 
documented that some subgroups of cr54 transcriptional regulators operate as a response 
regulator for two-component regulatory systems (Shingler, 1996), where a conserved 
aspartate residue in the N-terminal domain of the regulator is activated by 
phosphorylation via a histidine residue on an HK. In an alignment of the cr54 
interaction domains of MmoR, including the partial MmoR amino acid sequence from 
Ms. sporium, similar conserved aspartate residues were identified. 
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Figure 3.21 Alignment of interaction domains of cr54 transcriptional activators. 
Interaction domains of MmoR from Mc. capsulatus (Bath), Ms. trichosporium (OB3b) 
and M silvestris (BL2) were used together with interaction domains of NifA from Me. 
capsulatus (MCA0764) and PspF, a interaction domain for phage-shock protein (psp) 
operon in Escherichia coli, all of which are driven by a crS4 promoter. The conserved 
aspartate residues are highlighted in blue. 
ORF-l in pHA002 seems to be operating as a response regulator for a two-
component regulatory system for which the environmental signal it detects is 
unknown. Since pHA002 was identified as a result of a non-specific hybridisation with 
mmoR and with t~e identification of a conserved aspartate residue within the cr54 
interaction domain, it could be speculated that MmoR is the response regulator of a 
two-component systems. The sensor protein responsible for MmoR activation via 
phosphorylation, in response to copper concentration, is not known and will require 
further investigation. 
The tight regulation of the transcription from the mmoX cr54 promoter in 
response to copper ions has been shown in Mc. capsulatus and Mr.;. trichosporium 
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(Csaki et al., 2003; Nielsen et al., 1996). Similar tight transcriptional regulation from 
the mmoX 0'54 promoter was observed in Ms. sporium, using RNA dot blotting, where 
no mRNA corresponding to mmoX could be detected under pMMO expressing 
conditions. As in other methanotrophs that have an inducible sMMO, transcription of 
the sMMO operon seems to be regulated by a unique copper-switch. 
Sequence analysis of the promoter regions indicate that the pMMO operon is 
transcribed from a O'7°-dependent promoter, although there are conflicting data 
concerning the transcription profile of the pMMO operon under different copper 
conditions (Choi et al., 2003; Nielsen et aI., 1997; Stolyar et al., 2001). In the results 
from Ms. sporium presented above, RNA dot blots hybridised with pmoA indicated 
that transcription of the pMMO operon is not repressed under low copper or sMMO 
expressing conditions. Almost equal intensity hybridisation signals were observed with 
RNA extracted from both sMMO (no added copper) and pMMO (5 ~M copper) 
expressing cells. Similar results were observed with RNA from Me. capsulatus 
(Chapter 5). These data suggest that the MMO enzymes are not regulated by a 
common copper-switch and that the enzymes are regulated at different levels. The 
sMMO enzyme is strictly regulated at the level of transcription, whereas the pMMO 
enzyme seems to be regulated at a level of post-transcription. The data presented here 
on the pMMO transcription profile are similar to the results obtained by Stolyar et al .. 
(2001) using Me. capsulatus, where they observed less than two-fold increase in 
activity of XylE under high copper (20 ~M copper) conditions using chromosomal 
gene fusions with both pMMO 0'70 promoter of copy 1 and copy 2. The slight increase 
in XylE activity under high copper conditions could be explained due to the increase in 
growth rate under pMMO expressing conditions compared to that of sMMO 
expressing conditions. 
The duplication of genes encoding key metabolic enzymes such as the 
particulate methane monooxygenase in methanotrophs and ammonium 
monooxygenase in nitrifiers is well documented (Arp et al., 2002; Stolyar et al., 1999). 
In Me. capsulatus, there are two complete pmoCAB operons encoding for pMMO, and 
a third copy of pmoA. A comprehensive phylogenetic analysis of sMMO and other 
soluble diiron monooxygenases reviewed in Leahy et al., (2003), indicate that these 
enzymes have been largely spread through horizontal gene transfer and are not 
maintained permanently in the bacterial lineage. For example, not all Methylocystis 
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family ofmethanotrophs are capable of expressing sMMO (i.e. Methylocystis sp. strain 
M contains a sMMO enzyme, whereas Mcy. parvus OBBP does not). The 
identification of a second lone copy of mmoX in Ms. sporium and the isolation of 
plasmids from this organism by previous studies (Lidstrom & Wopat, 1984) gives 
further information about the evolution of sMMO genes and how some methanotrophs 
may have acquired these genes through horizontal gene transfer. This also supports the 
local adaptation hypothesis, which suggest that genes that are important for adaptation 
to local environment (i.e. sMMO in copper-depleted environments such as peat-bogs) 
are more likely to be plasmid-encoded than essential 'house-keeping genes' which tend 
to be chromosomally encoded. None of the sMMO operons sequenced to date have 
been shown to be plasmid-encoded, suggesting that they have been subjected to long 
term adaptation in copper-depleted environment and the genes that were probably 
present on plasmids became mobilised into the chromosome. 
The contribution of each copy of mmoX in sMMO activity was assessed by 
constructing double cross-over knock-out mutants. Disruption of mmoXI resulted in an 
sMMO minus phenotype, whereas disruption to mmoX2 had no noticeable affect on 
sMMO expression. The duplication of mmoX was further characterised at the 
molecular and biochemical level. RT-PCR data obtained suggested that the majority of 
the mmoX transcripts corresponded to mmoXl. In comparison, mmoX2 transcripts 
could be detected at relatively low levels. Nevertheless both copies were found to be 
transcribed. However, following analysis of tryptically digested MmoX polypeptides 
by means of LC-ESI-MS/MS, no unique peptides corresponding to MmoX2 could be 
positively identified. It is possible that translation is unable to initiate from the SD 
sequence of mmoX2 due to the presence of overlapping SD sequences, which is 
affecting the efficiency of translation of the mRNA. Based on translational studies 
carried out on model organisms such as E. coli, it is known that the efficiency of 
translation of mRNA is affected by the SD sequence and the extent of homology 
between the SD and 16S rRNA. The efficiency of translation is also affected by the 
distance between the SD and the translational start codon (Schottel et al., 1984). In 
light of the data presented in this study, it can be conclude that mmoXI is crucial for 
sMMO activity, whereas mmoX2, which is transcribed only at low levels, is probably 
not translated, however if it is, it does not playa significant role in sMMO activity. An 
alternative approach to follow the transcription and translation profile from the 0-54 
promoter of mmoXl and mmoX2 would be to construct transcriptional and translation 
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fusions with one of the suicide promoter probe vectors described in Chapter 4. The 
activity of the reporter gene could be conveniently assayed, which could be directly 
correlated to the in-vivo transcriptional activity and translation efficiency. 
Mutational analysis on mmoX gave the first insights into the expression of the 
water soluble pigment produced by Ms. sporium. The pigment was only produced 
when the sMMO enzyme was expressed and when the bioavailable iron was low since 
sMMO is an iron-containing enzyme (Elango et al., 1997; Rosenzweig et al., 1993) 
and under these conditions, iron is rapidly used up. Under iron excess conditions, the 
pigment was no longer produced. This pigmentation profile could be correlated with 
iron acquisition mechanisms mediated by siderophores (Schalk et al., 2004). In such 
systems, siderophores are secreted into the extracellular medium, where they bind iron 
and are then subsequently transported back into the bacteria. Based on these data, it 
can be postulated that the water soluble pigment in Ms. sporium is operating in a 
similar fashion as a strategy to acquire iron under iron limiting conditions. However, 
further work needs to be done to define the exact mechanism of iron acquisition. 
The amenability of Ms. sporium to genetic manipulations was demonstrated 
through the heterologous expression and complementation of the sMMO minus mutant 
strain, Ms. sporium ~mmoXl, using the broad-host range plasmids pVKI04 and 
pVKlOOSc. All the respective transconjugants selected showed restoration of sMMO 
activity, however at much reduced activity compared to that of the wild-type strain. 
Similar reduced activities were observed with identical experiments done on Mm. 
album BG8 and Mey. parvus OBBP with plasmid pVKI00Sc containing Ms. 
triehosporium sMMO operon (Lloyd et al., 1999b). In this study, complementation of 
the sMMO minus mutant of Ms. sporium:~mmoXl strain with sMMO from both Ms. 
triehosporium and Me. eapsulatus was demonstrated. This low level heterologous 
expression of the sMMO operon is likely to be due to poor recognition of the native 
promoter and/or poor recognition of the origin of replication of the plasmid in the host. 
Plasmid incompatibility could also be a factor in low level heterologous expression of 
sMMO, since there has been a report on Ms. sporium containing a plasmid (Lidstrom 
& Wopat, 1984). However, since the construction of the expression plasmids p VK I 04 
and pVKIOOSc, a number of broad-host range plasmids have been used in 
methanotrophs for the heterologous expression of reporter genes with high activity 
(Csaki et al., 2003; Theisen et al., 2005). 
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In order to further improve the heterologous expression of sMMO activity in 
methanotrophs, as well as in non-methanotrophic strains, new broad-host range 
plasmids containing the sMMO operon need to be constructed and analysed. With an 
improved heterologous expression system for sMMO, the full potential of the wide 
substrate specificity of sMMO can be exploited in biotransformation and 
bioremediation processes. Through the data presented in this chapter, the amenability 
of Ms. sporium to genetic manipulations has been demonstrated and therefore it could 
be used as an alternative model organism in the future for investigating the molecular 
regulation of the expression ofMMO enzymes by copper ions. 
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Chapter 4 
Development and Validation of Genetic Tools for 
Methanotrophs 
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4.1 Introduction 
Since the pioneering work of Whittenbury and co-workers (Whittenbury et aI., 
1970), the physiology and biochemistry of methanotrophs have been extensively 
studied (Reviewed in Anthony, 1982). Despite the vast amount of information 
available on the physiology and biochemistry of methanotrophs, the precise molecular 
mechanism of the regulation of the expression of methane monooxygenase by copper 
ions is yet to be elucidated. A contributing factor to this slow progress has been that 
the development of genetic systems in methanotrophs has been relatively slow. This is 
partly because of a lack of suitable broad host range plasmids and the absence of 
effective transformation protocols for methanotrophs. This lack of availability of 
suitable genetic tools in methanotrophs had greatly hampered earlier works on the 
detailed molecular studies of the regulation of MMO (Murrell, 1992; Murrell, 1994). 
Early attempts to characterise MMO by mutagenesis using various mutagens 
had mixed success. Mutagenesis with nitrosoguanidine, ethyl methane sulphonate and 
ultraviolet light gave low frequencies of mutation, however, some success to obtain 
MMO mutants was achieved using the suicide-substrate dichloromethane (OeM) 
(McPheat et ai., 1987). Several mutants were isolated with DeM that were defective in 
pMMO and which expressed sMMO constitutively with elevated copper 
concentrations (Fitch et ai., 1993). The major drawbacks of the oeM resistant mutants 
were that they were very unstable and it was not possible to identify the precise 
location of the mutation on the chromosome leading to the constitutive nature of 
sMMO expression. 
Since these earlier studies, the availability of improved broad-host range 
plasmids and the improvements in molecular biology methods have allowed the 
development of genetic systems in methanotrophs. In addition, gene transfer systems 
in methanotrophs, such as transformation by electroporation were unreliable and 
required high concentrations of DNA; however, gene transfer by conjugal transfer 
proved to be useful (Lidstrom & Stirling, 1990; Murrell, 1992). The development of a 
protocol for marker-exchange mutagenesis (Martin & Murrell, 1995; Toukdarian & 
Lidstrom, 1984) for gene knock-outs has been a major break-through in the molecular 
genetics of methanotrophs and has been the primary strategy for determining the 
function of key genes. This system is very versatile and since the original mutagenesis, 
which was carried out on Ms. trichosporium (Martin & Murrell, 1995), similar 
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mutagenesis procedures have been successfully carried out on Mc. capsutatus (Csaki et 
at., 2003) and Ms. sporium (Chapter 3). 
The construction of in-vitro gene fusions with a promoter and a promoterless 
reporter gene has revolutionised genetic techniques and how they can be applied to 
analyse gene expression. Gene fusion systems were originally developed in E. coli 
where ~-galactosidase, encoded by lacZ, was put under the control of new or altered 
promoter signals and the activity of this enzyme was precisely quantified using a 
simple and sensitive colorimetric assay (Casadaban et al., 1980). The use of gene 
fusion technology utilising many different reporter genes has been widely used in 
bacteria to monitor in-vivo gene expression, especially of those genes whose products 
are difficult to assay (Schweizer & Chuanchuen, 2001). Reporter genes have been used 
as both transcriptional (operon) and translational (protein) fusions (Silhavy & 
Beckwith, 1985). In transcriptional fusions, the transcription of a reporter gene is 
placed under the control of a promoter, where the reporter gene has its own ribosomal 
binding site. The activity of the reporter gene product is proportional to the level of 
transcription initiation from the promoter (Linn & Stpierre, 1990). In translational 
fusions, both the transcription and translation of a reporter gene is placed under the 
control of a promoter and ribosomal binding site (RBS) and the activity of the reporter 
gene product can be correlated to the activity of the native gene product that the 
promoter and RBS normally regulates (Thomas et al., 1982). 
The main aim of this study was to develop and establish a set of genetic tools, 
such as promoter probe vectors, for investigating the molecular regulation of MMO 
with respect to varying concentrations of copper. This was absolutely necessary 
despite the advances researchers have made thus far, since only a few broad host range 
and integrative suicide promoter probe vectors have been tried and tested in 
methanotrophs up until this study (Csaki et al., 2003; Figueira et at., 2000; Stolyar et 
at., 2001). One objective was to demonstrate the feasibility of expressing various 
reporter genes in methanotrophs under the control of the sMMO a 54 promoter and to 
assess their usefulness, in terms of sensitivity and activity, as a selectable marker for 
the high throughput detection of mmoXYBZDC transcription. 
In this study, a number of integrative promoter probe vectors, utilising various 
reporter genes, have been developed for constructing single-copy transcriptional 
fusions with methanotroph promoters by in-vitro manipulation. To demonstrate the 
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versatility of these promoter probe vectors, mmoX (J54 promoter from Me. eapsulatus 
was fused to gfp, xylE, Km R (kanamycin resistance gene) and laeZ and integrated into 
the chromosome of Me. eapsulatus. In addition, low background broad host range 
promoter probe vectors, utilising gfp and xylE reporter genes respectively, were 
constructed. The versatility of these vectors were demonstrated through the 
construction of separate transcriptional fusion with gfp and mmoX (J54 promoter from 
Methyloeella silvestris BL2 (Theisen et al., 2005). 
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4.2 Construction of integrative promoter probe vectors 
4.2.1 Introduction 
Plasmids used as a backbone for developing integrative vectors, such as 
promoter probe vectors and vectors for performing insertional mutagenesis, require 
several properties for successful integration into the chromosome of recipient. An 
important property of such vectors is that they have a conditional replicon, such that 
the plasmid cannot replicate once conjugated into the recipient strain. A positive 
selection marker, such as antibiotic resistance, is required for the isolation of clones 
resulting from the integration of the plasmid into the chromosome via recombination 
between homologous DNA regions. In addition, recognition sites for plasmid 
mobilisation from a donor to a recipient strain (i.e. most Gram negative bacteria), such 
as RP4 origin of transfer (orin, is required if conjugation is to be used to introduce the 
plasmid into the host. oriT is the site where DNA cleavage takes place during 
conjugation and thus allows plasmid transfer (Waterman et al., 1993). In this study, the 
donor strain E. coli S 17.1 'Apir was used for plasmid mobilisation, since it had all the 
genes for integrative conjugal transfer functions of the broad-host-range plasmid, RP4, 
already integrated into the chromosome and thus plasmid transfer occurred by means 
of biparental mating and no helper plasmid was required (Simon et al., 1983). 
The plasmid, pDAH350 obtained from D. A. Hodgson (University of 
Warwick), was selected for constructing the promoter probe vectors. Plasmid 
pDAH350 is based on pUC 18119, which are high copy number multiple cloning 
vectors with a ColE 1 origin of replication (ori). Origins of replication based on ColE 1 
have a conditional replicon (suicide plasmids) as they are non-replicative in non-
enteric organisms making it ideal for use as a backbone for constructing integrative 
vectors in methanotrophs. pDAH350 contains a gentamicin resistance (GmR) gene on 
its backbone, which is effective for use as a selectable marker in methanotrophs, and a 
multiple cloning site (MCS) with a large selection of unique restriction sites, thus 
facilitating cloning of multiple genes (Figure 4.1). 
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pDAH350 
3582 bps 
Pstl 
San 
BamHI 
MCS Smal .-r-_____ -tXmal 
EcoRI 
Clal 
Xhal 
X/wi 
Sacl 
Nml 
Figure 4.1 Physical map of plasmid pDAH35 , obtained from D. A. Hodgson 
(University of Warwick). 
4.2.2 Construction of gfp and xylE promoter probe vectors 
The molecular cloning strategies for constructing a GFP and a XylE promoter 
probe vector for analysing the mmoX crS4 promoter activity is described in this section. 
These promoter probe vector can then be used to monitor transcription in response to 
changes in environmental conditions such as copper levels. 
Despite plasmid pDAH350 having most of the properties of an integrative 
vector, it lacked the recognition site for plasmid mobili ation. [n order to fulfil the full 
criteria of an integrative plasmid, an RP4 based oriT was cloned into pDAH350. The 
oriT was PCR amplified using primer oriT-F (5 -AAG GAA TTC GAT GCC OCT 
TGC-3') and oriT-R (5'-ATC TCG AGO CTC TCG CCT G-3 ' ) from plasmid 
pMJ153 (obtained from D. A Hodgson, University of Warwick) and cloned into 
plasmid pDAH350 to yield plasmid pMHAOO 1. The cloning was facilitated by 
introducing EcoRl and XhoI re triction sites (highlighted above in bold and also 
underlined) within the forward and re erse primers, respectively. The initial strategy 
was to introduce various promoterless reporter genes into pMHAOO 1 via San and 
BamHI sites and a promoter ia P II and SaIl site (Figure 4.2A). 
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A. 
Pst I 
I 
B. 
San 
I 
Promoter 
Pstl 
man BamHI 
EcoRI 
BamH~ X/wi I 
oriT 
Reporter gene 
EcoRI X/wi n , 
... ----- oriT 
gfp 
Figure 4.2 Schematic representations of the MCS of pDAH350 containing various 
genes. A) The proposed MCS of pDAH350 containing oriT, a reporter gene, and a 
promoter sequence using the initial cloning strategy. B) The MCA ofpMHA001 with 
gfp inserted in the opposite orientation via a BamHI site (Note: The Sail site is still 
intact). It is unclear how the 5' end of gfp inserted into pMHAOOl and therefore is 
shown by a question mark. 
Due to the difficulties in obtaining E. coli clones containing plasmid pMHAOO 1 
with gfP, a colony blot containing 625 E. coli clones was probed with gfP in an attempt 
to identify a positive clone (Figure 4.3). 
Four clones (clones 172, 253 , 529, and 552) hybridised with the gfP probe were 
identified. Restriction digestion analysis revealed that all of the clones, apart from 
clone 529, contained gfP. However, following sequencing of the clones, it was 
confirmed that the gfp was inserted into plasmid pMHAOOl via the BamHI site only 
and also in the opposite orientation (Figure 4.2B). It was unclear how the 5' end of the 
gfp gene had ligated into pMHAOOl , since the Sall site was still intact. 
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Figure 4.3 Colony blot of 625 E. coli clones containing pMHAOOl , which were 
hybridised with a gfp probe obtained from plasmid pMJ153. 
One explanation why Sall enzyme did not cut could be that the Sall and BamHI 
restriction sites were too close together on the MCS. Therefore, when double digestion 
was carried out, cleavage with BamHI left only one base pair overhang from the end of 
the DNA fragment with respect to the Sall recognition site. The number of base pairs 
from a restriction enzyme recognition site to the end of a DNA fragment can 
dramatically affect the efficiency of digestion and it was noted that restriction site for 
SaIl are affected to a greater extent than restriction sites for BamHI (Fermentas Life 
Sciences, Molecular biology catalogue, 2004-2005). 
The above strategy was abandoned due to difficulties in cloning the reporter 
genes via Sail and BamHI sites. The construction of the integrative promoter probe 
vectors were pursued via an alternative strategy, which avoided the use of the all 
restriction site (Figure 4.4). 
100 
A. 
Pstl 
Sail 
Ball/HI 
SII/al 
_ --___ ..r-----~II/al 
H%f' 
pDAH350 
3582 bps 
OTiT(375 bll) 
'pMJ153 +----....;...--+ 
pMHAOOl 
3937 bps 
2pMJ153 
Ball/HI and £CoRI 
EcoRI 
pMHAOIO 
4681 bps 
X/wi 
B. 
BamHI 
XI/ol 
bal 
10' Sacl 
NTU' 
xylE 
pMHA020 
4871 bps 
EcoRI 
Figure 4.4 A. Schematic representation of the cloning strategy used to construct 
the promoter probe vectors containing gfp (PMHAOlO) and xylE (pMHA020). B. 
Plasmid pMJl53 was the source of 1oriT(375 bp) and 2gfp (754 bp). Plasmid pCMl30 
was the source of 3xyiE (944 bp). The restriction sites highlighted in red are those 
introduced through PCR to facilitate cloning. 
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The gfp and xylE gene were obtained from plasmid pMJl53 and pCM130 
(Marx & Lidstrom, 2001) respectively. The gfp gene already contained a ribosomal 
binding site (RBS), which was slightly different to that of mmoX in Me. eapsulatus 
(Table 4.1). Primers were designed to amplify the gfp gene including its own RBS. 
The xylE gene also contained its own RBS, which was again different to that of mmoX 
from Me. eapsulatus. The xylE gene however was amplified using primers which 
altered the RBS to resemble that of mmoX gene in Me. eapsulatus (Table 4.1). The 
primers used to amplify gfp and xylE are shown in Table 4.2. 
Table 4.1 DNA sequence upstream (5') of the initiation codon (AT G) of mmoX 
from Me. eapsulatus (1.), gfp from pMJl53 (2a), and xylE from pCM130 (3a). 
Sequence 2b is the forward primer sequence used to amplify gfp with its native RBS. 
Sequence 3b is the forward primer used to amplify xylE with altered RBS (Note: The 
highlighted red bp shows the edited RBS to resemble that of mmoX). The highlighted 
blue sequence shows the artificial BamHI site introduced in the primers. 
Sequence 5' of A TG 
TTCATAGAATGTGTTACGGAGGAAACAAGTAATG 
2a. TCATATGGATCCAAAATAAGGAGGTCGAGCAATG 
2b. TCAT ATGGATCCAAAA T AAGGAGG 
3a. GCATGCAAGCTTCAGGAGGTGACGTCATG 
3b. GCATGGATCCTTGAGGAGGTGACG 
Table 4.2 PCR primers used to amplify gfp and xylE. The highlighted blue 
sequences show the introduced restriction sites as indicated by the primer names. 
Primer Sequence Gene 
gfp-Bam HI-F 
gfp -Eeo RI-R 
xylE -Bam HI-F 
xylE -Eeo RI-R 
5'-TCATATGGATCCAAAA T AAGGAGG-3' 
5'-ATTCGACGAA TTCATTCT ACGAA TG-3' 
5'-GCATGGATCCTTGAGGAGGTGACG-3' 
5'-GCGAA TTCAGGTGAGCACGGTCATG-3' 
gfp 
xylE 
Both the gfp and xylE genes were cloned into pMHAOOl separately via BamHI and 
EeoRI sites, which were introduced through PCR, to give the general promoter probe 
vectors pMHAOIO and pMHA020 respectively (Figure 4.4). 
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4.2.3 In-vitro gfp and xylE transcriptional fusions 
To detennine the ability of pMHAOlO and pMHA020 to monitor transcription 
and to express functional OFP and XylE in methanotrophs, in-vitro transcriptional 
fusions with mmoX cr54 promoter from Me. cap uZatus were constructed. The mmoX 
cr
54 promoter from Me. capsulatus was chosen because the promoter region has been 
mapped previously and its transcriptional activity had been assayed rigorously under 
varying copper conditions (Csaki et aZ., 2003; Nielsen et af., 1996). 
The mmoX cr54 promoter without the RBS was PCR amplified from Me. 
capsulatus using primers mmoX-cr54_F (5'-CGC GTT GAT CAG GCT GGT CTT G-
3') and mmoX-cr54-R (5'-TIG GAT CCA TOA TGA ATG CCC OAT OA-3') and 
cloned into pMHAOI0 and pMHA020 via PstI and Bam HI sites to give the constructs 
pMHAOll and pMHA021 respectively (Figure 4.5). 
A. 
B. 
Pstl BamHI 
! I-:R8 
~ PCR Product (891 bJl) 
mmo?o(J~-R 
~------------------------~ 
Pst) 
pMHAOJl 
5486 bJls 
mmoXa54 promoter (813 bp) 
BamH) 
Pst) 
pMHA021 
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Figure 4.5 Physical map of gfp and xylE promoter probe vector fused to mmoX cr54 
promoter. The mmoX cr54 promoter region from Me. capsulatus (A). The cr54 promoter 
region cloned into pMHAO 1 0 and pMHA020 are shown between the dotted lines, 
which does not include the RBS. (Note: No PstI site was introduced within the forward 
primer since there was a PstI site within the 5' region of the PCR product; however a 
BamHI site was introduced via the reverse primer to facilitate cloning). (B). A 
schematic representation of constructs pMHAO II and pMHA021. The restriction sites 
highlighted in red are those introduced via PCR to facilitate cloning. 
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The construction of pMHAOll and pMHA021 was confirmed by restriction digest 
analysis using various combinations of enzymes (Figure 4.6). 
Ladder' Gen.Ruler I kb Ol-.A ladder; Ladde'> Invitrogen I kb 0 A ladder 
5000 bp 
4000 bp 
2000 bp 
1500 bp 
1000 bp 
750 bp 
500 bp 
Figure 4.6 Confirmation of the construction of the promoter probe vectors, 
pMHAOl l and pMHA021. Agarose gel (I % w/v) ran in 1 x TAB buffer containing 
various restriction digests of DNA from plasrnids pMHAO II and pMHA021. The table 
shows the contents of each lane and the lengths of the expected DNA fragments from 
the digestions. 
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The construction of plasmid pMHAOll and pMHA021 was also confirmed through 
the observation ofOFP and XylE activity in whole cells (Figure 4.7). 
A. B. c. 
Figure 4.7 OFP and XylE activity in E. coli S 17.1 ApiI' containing the promoter 
probe vector pMHAO 11 and pMHA021. A. E. coli S 17.1 ApiI' cell pellet containing 
pMHA021 (left tube - No fluorescence since the construct contains xylE) and 
pMHAO 11 (right tube - green tinge depicting OFP fluorescence). B. E. coli S 17.1 ApiI' 
culture viewed under a fluorescent microscope. C. Catechol plate assay (Section 
2.10.3) performed on E. coli SI7.1 ApiI' cells containing pMHAOll (Top-left - no 
activity) and pMHA02I (bottom right - catechol 2, 3-dioxygenase activity detected by 
the production of 2-hydroxymuconic semialdehyde, a yellow product). 
4.2.4 GFP and XylE reporter strains of Me. eapsu/atus 
The newly constructed promoter probe vectors, pMHAOll and pMHA021 , 
containing the mmoX cr54 promoter fused to gfp and xylE were integrated into the 
chromosome of Me. capsulatus by conjugation using the biparental mating method 
described in Section 2.5.1. The vectors integrated into the chromosome of Me. 
capsulatus by single homologous recombination via the mmoX crS4 promoter. The 
general genotypes of the respective reporter strains are shown schematically in Figure 
4.8. Transconjugants and thus the reporter strains were isolated through selection on 
NMS agar plates containing gentamicin (5 ~g mr'). 
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Figure 4.8 Schematic representation of the genotype of a reporter strain following single homologous recombination between the 
mmoX crS4 promoter in the promoter probe vector and the chromosome of Me. eapsulatus. 
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4.2.5 Activity of GFP and XylE in Me. eapsulatus 
In order to test the expression of GFP and XylE in Me. capsulaLus and the 
effectiveness of the reporter gene for transcriptional analysis, the mmoX 0'54 promoter 
was induced through cultivation of the reporter strains in growth medium containing 
no added copper. Initially the reporter gene was assessed qualitatively. There was no 
GFP activity under high copper conditions. However under low copper conditions (i.e 
no added copper), GFP fluorescence was observed, but the intensity was relatively low 
compared to the GFP intensity in E. coli S 17.1 Apir containing pMHAO 11 (data not 
shown). Similar patterns from the XylE reporter strains were observed, where under 
high copper conditions, no catechol 2, 3-dioxygenase activity could be observed. 
However under low copper conditions, catechol 2, 3-dioxygenase activity was 
observed and clearly visible on agar plates using the catechol 2, 3-dioxygenase plate 
assay (Figure 4.9). 
Figure 4.9 Catechol 2, 3-dioxygenase plate assay performed on Me. capsulatus 
XylE reporter strains. Reporter strain grown on high copper conditions (left plate). 
Reporter strain grown on low copper conditions (right plate). The yellow colour 
indicates the production of 2-hydroxymuconic semialdehyde and thus catechol 2, 3-
dioxygenase activity. 
Since the GFP and XylE activities in Me. capsula/us reporter strains were low 
compared to activities when expressed from the promoter probe vectors in E. coli, both 
reporter strains were cultivated in 5 L fermentors in batch cultures under high and low 
copper conditions (Figure 4.10). Since the intracellular location of MMO activity is 
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dependent on the copper-to-biomass ratio, cultivation of the reporter strains in a 5 L 
fermentor allowed an easily observable "copper-switch" from pMMO expression to 
sMMO expression. 
Me. eapsulatus cells expressing pMMO and sMMO were harvested during 
exponential growth (OD540 2-6) and cell-free extracts were prepared as described in 
Section 2.9.1 (Note: sMMO expressing cells from XylE reporter strain were obtained 
from early exponential phase (Batch 1) and mid-exponential growth phase (Batch 2». 
Me. eapsulatus wild-type strain was used as a negative control. The detection of 
sMMO activity under low copper-to-biomass ratio using the naphthalene assay 
indicated that the integration of the promoter probe vector upstream of the mmoX 0'54 
promoter did not create a detectable polar affect on the transcription and thus did not 
affect the expression of the sMMO genes. The specific activities of GFP and XylE 
were quantified from the cell-extracts described above using methods described In 
Sections 2.10.2 and 2.10.3 respectively (Figure 4.11). 
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Figure 4.10 Growth curves of Me. eapsulatus wild-type strain (A.), GFP reporter 
strain (8.), and XylE reporter strain (C.) cultivated in a 5 L fermentor. All strains were 
initially cultivated under high copper conditions (1 IlM copper) and then under low 
copper (no added copper) conditions. The XylE reporter strain was cultivated for a 
second time with no added copper to the medium (labelled as batch 2). The initial 
detection of sMMO activity, using the naphthalene assay, is indicated. The points at 
which cells were removed to prepare cell-free extracts are also indicated by circles. 
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Figure 4.11 Bar charts showing the specific activity of GFP (top chart) and XylE 
(bottom chart) in Me. capsula/us reporter strains (samples 3, 4 and 5) and wild-type 
strains (samples 1 and 2) grown under high (samples 1 and 3) and low (samples 2, 4 
and 5) copper conditions. (Note: Samples 4 and 5 in the XylE bar chart represent the 
activity from batch 1 and 2 re pectively, see Figure 4.10)0 GFP activity represents a 
mean of two independent assays and XylE activity represents a mean of ilOD375 minot 
over at least 2 minutes. The mean standard deviations (expressed as percentage) are 
shown in brackets. 
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The data presented in Figure 4.11 clearly indicated that under high copper-to-
biomass ratio, transcription from mmoX cr54 promoter is repressed, whereas under low 
copper-to-biomass ratio, transcription is highly upreguLated. These data are consistant 
with those presented by Csaki et al. , (2003) and thus demonstrate the usefulness of the 
promoter probe vectors pMHAOI0 and pMHA020 for analysing regulatory elements 
such as promoters. In addition, the background reporter gene activity was very low in 
the case of XylE, whereas in GFP, due to the higher sen itivity of the fluorometer, 
slight background activity was observed. It is noteworthy that despite the massive up-
regulation of the reporter gene activity in fermentor grown cultures cultivated under 
low copper conditions, GFP fluorescence of individual cells visualised by fluorescence 
microscopy were not improved considerably compared to flask cultures or agar plate 
cultures (data not shown). However, the XylE activity was greatly enhanced in 
fermentor cultures grown under low copper conditions, where the production of 2-
hydroxymuconic semialdehyde (a yellow product) was clearly visible following the 
XylE assay. Due to the accumulation of the production of 2-hydroxymuconic 
semi aldehyde and the linear relationship between cell-density and XylE activity, the 
intensity of the diffusible yellow product was found to be much greater (i.e. 11.5 fold 
higher) in the second batch than in the first batch (Figure 4.12). 
Batch I Batch 2 
Figure 4.12 Qualitative XylE assay. Cultures of Me. capsulatus XylE reporter strain 
expressing sMMO from batch 1 and batch 2 with aturated amounts of catechol and no 
added catechol. Note: The intensity of the diffu ible yellow product is proportional to 
the XylE activity. 
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To get an overview on the relative expression of the reporter gene following 
single copy integration into the chromosome compared to the expression level from a 
multi-copy plasmid, E. coli S17.1 Apir strains containing pMHAOll and pMHA021 
were cultivated. Cell-free extracts were prepared from exponentially growing flasks 
cultures (00600 0.4-0.8) and the GFP and XylE activity was quantified. The GFP 
activity in E. coli was found to be approximately 21 fold higher than in the reporter 
strain, whereas the XylE activities were found to be 17 (Batch 1) and 1.5 (Batch 2) 
fold higher in E. eoli than in the reporter strain. 
4.3 Construction of a kanamycin resistance promoter probe vector 
The construction of integrative vectors and the principal uses of promoter probe 
vectors have been demonstrated in the previous section using both GFP and XylE 
activity as a marker to follow the transcription initiation from the mmoX (}'54 promoter 
in Me. capsulatus. In this section, the construction of an additional promoter probe 
vector containing a kanamycin resistance gene as a reporter is described. 
The kanamycin resistance gene from the multiple cloning vector, pKl8mob, 
was PCR amplified using primers KmR-F and KmR-R, which gave an 842 bp PCR 
product. These primers were designed with a BamHI and EcoRI restriction site within 
the forward and reverse primer respectively to facilitate cloning into pMHAOll. The 
BamHI restriction site, on the forward primer, was included on a DNA tail fused to the 
5' portion of the forward primer. The forward primer started from the initiation codon, 
ATG, of the kanamycin resistance gene. The DNA tail was comprised of the 34 bp of 
the 5' region of the ATG of mmoX gene in Me. eapsulatus, which included its own 
RBS. This ensured the kanamycin resistance gene was fused exactly with the mmoX 
(}'54 promoter from Me. capsulatus (Figure 4.13). 
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ITCA TCGGGCA TTCA TCA TCC \ H ( AA 
ITCA TCGGGCA TTCA TCA TCC \ HTAA TGTGTTACGCACCAAACAAGT AA TG 
-- 'ATGATTGAACAAGATGGATTGCACGC 
'TCATCC.'T( CAATGTGTT ACGCACCAAACAAGTA 
'TCA TGC.' TCCAA TGTGTT ACGCAGGAAACAAGT AA TGA TTGAACAAGA TGGA TTGCACGC 
('C CAGH 11 ( CGCTCAGAAGAAC 
Figure 4.13 Primer sequences of the DNA tail fused to KmR-F primer for the 
construction of an exact transcriptional fusion with mmoX a S4 promoter from Mc. 
capsula/us. lReverse complement of mmoX-a54-R primer (See Section 4.2.3). 2mmoX-
a
S4
_R primer sequence plus the downstream DNA sequence leading to the ATG of 
mmoX. 3KmR-F primer used to amplify kanamycin resistance gene without the DNA 
tail. 4DNA tail. 5KmR-F primer including the DNA tajl. 6KmR-R primer used to 
amplify kanamycin resistance gene. The sequence highlighted in blue shows the 
introduced BamHI site and the highlighted red sequence shows the introduced EcoRI 
site. The RES is highlighted in bold. 
The gfp gene from pMHAO 11 (Figure 4.5) was removed following BamHI and EcoRI 
digestion and the kanamycin resistance gene was ligated foHowing digestion using the 
same restriction enzymes to give the new kanamycin promoter probe vector, 
pMHA035 (Figure 4.14). 
113 
BamHI 
.. 
DNA Tail 
• KmR-F 
peR 
I BamH I and EcOR! pMHAOll .. '--_____ --' Remove gfp 
Ligation 
pM HA035 
5560 bps 
EcoRI 
KmR (842 bp) 
.. 
KmR-R 
Figure 4.14 The cloning strategy for the construction of the kanamycin resistance 
promoter probe vector, pMHA035. The restriction sites highlighted in red are those 
introduced through peR to facilitate cloning. 
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The construction of pMHA035 was confirmed by restriction digest analysis (Figure 
4.15). 
:':"':: .. - 4072 bp 
3054 bp 
2036 bp 
1636 bp 
Figure 4.15 Restriction map of four pMHA035 clones. The clones were digested 
with PstI and EcoRI (lanes 1-4) and HindIII (Lanes 5-8) to confirm the construction of 
pMHA035. The predicted size of the DNA fragments following digestion with A) PstI 
and EcoRI; 1639 bp and 3919 bp and B) HindIII; 2039 bp and 3519 bp. 
E. coli S 17.1 'Apir electrocompetent cells were transformed with the 
kanamycin resistance promoter probe vector pMHA035 and used as a donor strain for 
conjugation into Mc. capsulatus. The initial attempt to select transconjugants on 
kanamycin (10 I-lg mJ-l) on low copper NMS agar plates was unsuccessful. The lack of 
success in obtain transconjugants on kanamycin was most probably due to the tight 
regulation of the mmoX crS4 promoter with respect to copper concentration. Due to time 
constraints this experiment was abandoned. 
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4.4 Construction of a LacZ promoter probe vector 
Promoter probe vectors utilising lacZ as a reporter gene has been most widely 
used for constructing gene fusions. The product of lacZ, p-galactosidase can be 
relatively easily quantified and due to the availability of large number of chromogenic 
and fluorogenic substrates, it is widely used in E. coli for the selection of recombinant 
clones. One of the aims of this study was to assess different reporter genes for use as a 
genetic screen for the high throughput detection of MMO mutants. In order to exploit 
the usefulness of p-galactosidase activity in Mc. capsulatus, a lacZ promoter probe 
vector fused to mmoX 0-54 promoter was construction and is described in this section. 
The lacZ gene is 3,075 bp and several attempts to peR amplify the full length 
gene were unsuccessful. Fortunately within the lacZ gene there was a Sad site, which 
allowed the amplification of lacZ gene from pDAH274 (obtained from D. A. Hodgson) 
in two segments. The respective peR products were designated as product A and B 
from the lacZ promoter probe vector, pDAH274 (Figure 4.l6). Similar to the 
amplification of the kanamycin resistance gene in pMHA035, the lacZ gene was 
amplified with a DNA tail , which was fused to the 5 ' portion of the forward primer of 
product A in order to construct an exact transcriptional fusion between lacZ and mmoX 
0-
54 promoter. The primers used to amplify lacZ are shown in Table 4.3. 
Table 4.3 peR primers used to amplify lacZ from pDAH274. The sequence 
highlighted in blue indicates the location of a BamHI site and the red sequence 
indicates an EcoRI restriction site. 
I'rillll'rs S~qu~IICl' 
lacZ-AF TCATGGATCCAATGTGTTACGGAGGAAACAAGTAATGACCATGATTACGGATTCACTGG 
lacZ -AR CCAGTGCAGGAGCTCGTTATC 
lacZ-BF CGATAACGAGCTCCTGCACTG 
lacZ -BR CTT ACGCGAATICCGGGCAGAC 
In order to confirm the attachment of the DNA tail containing the BamHI site on the 
forward primer of product A and the nucleotide sequence of the lacZ gene, both 
product A and B was cloned into pCR2.1-TOPO cloning vector (Invitrogen) and 
sequenced using M13 universal primers. 
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Figure 4.16 The cloning trategy for the con truction of the lacZ promoter probe 
vector, pMHA034. The restriction sites highlighted in red are those introduced through 
peR to facilitate cloning. 
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The lacZ products A and B were digested with BamHI-SacI and SacI-EcoRI 
respectively and cloned into pMHAOII via BamHI and EcoRI by a 3-way ligation to 
give the lacZ promoter probe vector, pMHA034. This created an exact transcriptional 
fusion between the lacZ gene and mmoX (1'54 promoter. The construction of pMHA034 
was confirmed through restriction digest analysis (data not shown). 
4.4.1 Construction of a Me. eapsulatus LacZ reporter strain 
The lacZ promoter probe vector, pMHA034 was transferred to Mc. capsulatus 
by conjugation via E. coli S 17.1 Apir donor strain. Integration of pMHA034 into the 
chromosome of Mc. capsulatus resulted in a gentamicin resistant strain and thus the 
LacZ reporter strain was isolated on NMS agar plates containing gentamicin. The 
general genotype of the Mc. capsulatus reporter strain with integrated suicide vector 
based on pMHAOOl (Figure 4.4) is shown in Figure 4.8. 
4.4.2 Analysis of the LacZ reporter strain 
The tight regulation of the transcription from mmoX (1'54 promoter with respect 
to varying copper concentrations can be seen once again from the GFP and XylE 
reporter strain (Section 4.2.5). In order to analyse the LacZ reporter strain, the mmoX 
(1'54 promoter needed to be induced by cultivation under low copper growth conditions. 
These conditions were achieved through the cultivation of the reporter strain in a 5 L 
fermentor, where high cell densities were obtained and thus allowing a low copper-to-
biomass ratio to be reached (Figure 4.17). 
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Figure 4.17 Growth curves of Mc. capsulatus LacZ reporter strain. The strain was 
initially cultivated under high copper conditions (1 ~M copper) and then under low 
copper (No added copper) conditions. The initial detection of sMMO activity using the 
naphthalene assay is indicated. The points at which cells were removed for analysis of 
~-galactosidase activity are indicated by circles. 
Cells were removed from high and low copper containing cultures during 
exponential growth phase and the ~-galactosidase activity was measured quantitatively 
using the method described in Section 2.10.4 (Figure 4.18A). In addition, the 
integration of the promoter probe vector, pMHA034, into the 5' region of the mmoX 
crS4 promoter in Mc. capsulatus chromosome did not create a polar affect on the 
transcription of sMMO, since the expression of sMMO could be still detected using the 
naphthalene assay in a manner similar to the wild-type strain (Figure 4. t 8B). 
The data presented in Figure 4.18 are similar to those presented in Figure 4. t 1, 
which showed the tight transcriptional regulation from the mmoX crS4 promoter. The ~­
galactosidase activity was massively upregulated under low copper-to-biomass ratio 
with only negligible activity under high copper-to-biomass ratio. In light of these data, 
the possibility of using Mc. capsulatus LacZ reporter strain as a high-throughput 
screen for the detection of sMMO mutants was investigated by cultivating the strain on 
NMS agar plates containing high and low concentrations of copper. The sensitivity of 
detection of expression of ~-galactosidase activity was tested using MUG and X-gal as 
substrates (Figure 4.19). 
The growth of the Mc. capsu!atus LacZ reporter strain on X-gal dissolved in 
DMF was very poor with only slight improvement when grown on X-gal dissolved in 
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DMSO. Despite X-gal being an excellent substrate for detecting recombinant E. coli 
clones, the use of X-gal as a substrate for screening sMMO mutants in Me. eapsulatus 
was ruled out due to the relatively poor growth. However, the MUG reagent used as an 
alternative substrate yielded very promising results (Figure 4.19). Using the 
tluorogenic MUG reagent, the expression of p-galactosidase and thus sMMO 
expression could be detected with greater sensitivity and was reliably specific to 
sMMO-expressing cells. In addition, the background activity was minimal. 
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Figure 4.18 Qualitative and quantitative detection of ~-galactosidase activity in Mc. 
capsulatus. A. Bar charts showing the activity of ~-galactosidase in Mc. cap ulatus 
wild-type strain (samples I and 2 used as controls) and LacZ reporter strain (samples 3 
and 4) grown under high (samples 1 and 3) and low (sanlples 2 and 4) copper 
conditions. The activity repre ent a mean of four independent assays. The mean 
standard deviation (expressed a percentage) is shown in brackets. B. ~-galactosida e 
activity using the ONPG assay on ample 4 following the conversion of o-nitrophenol-
~-D-gaJactoside (ONPG) to o-nitrophenol (yellow product) (left tube). sMMO 
expression by sample four is shown by the naphthalene assay, which converts 
naphthalene to naphthol which in turn complexes with a zinc complex and forming a 
purple diazo-compound (right tube). 
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A. 
B. 
Figure 4.19 Detection of p-galactosidase actIvlty in the Me. eapsulatus reporter 
strain using A. MUG assay performed on NMS agar plates containing copper (left 
hand side plates) and no added copper (right hand side plates). p-galactosidase activity 
is indicated by fluorescing white colonies. B. Me. cap ulatus LacZ reporter strain 
grown in the presence of X-gal (40 ~g mrl each) dissolved in OM SO (left plate) and in 
OMF (right plate). The formation of blue colonie indicated p-galactosida e activity. 
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4.5 Broad host range promoter probe vectors 
4.5.1 Introduction 
The use of broad host-host-range (BHR) vectors as genetic tools for cloning 
and expressing foreign genes in methanotrophs has lagged significantly behind those 
available for many other well studied bacterial species. The BHR RK2 vectors based 
on the IncP rep Ii con is the most frequently used system, however their development 
for common use has not been so widespread since one of the major problems with 
these plasmids is their relative large size and the lack of DNA sequence information, 
thus limiting the ease of their manipulation. These problems were solved following the 
sequencing of the original 60-kb transmissible RK2 plasmid and the development of a 
number of derivative vectors based on minimal plasmid RK2 replicon (Blatny et aI., 
1997a; Blatny et al., 1997b; Santos et al., 200 I). These plasmids consisted of origin of 
vegetative replication (oriV) and the gene encoding the essential replication initiating 
protein, TrfA, which binds to oriV and thus initiates plasmid DNA replication. Similar 
BHR vectors utilising reporter genes were developed following the isolation of a 
spontaneous mutant of a small IncP plasmid for use in methylotrophs and other Gram-
negative bacteria (Marx & Lidstrom, 2001). The advantages of these vectors were that 
they were relatively small, the complete nucleotide sequence was available, they 
replicated in a large number of bacterial species, and had a variety of unique restriction 
sites for cloning. 
Previous studies utilising large IncP based BH R vectors, such as p VK 100 
(Knauf & Nester, 1982) have been used in methanotrophs. Vectors based on pVKIOO, 
such as pVKI00Sc and pVK104 allowed the heterologous expression of sMMO 
operon in methanotrophs (Lloyd et al., 1999a; Lloyd et al., 1999b). However, the 
sMMO activity was much reduced in comparison to that of the wild-type strain. 
123 
4.5.2 Construction of the BUR promoter probe vectors, pMHA199 and 
pMUA200 
To assess the usefulness of the BHR promoter probe vector pCM 130 in 
methanotrophs, it required some modifications. The tetR and tetA gene in pCM 130 
conferring tetracycline resistance is a poor antibiotic selection marker in 
methanotrophs and therefore it was replaced by a kanamycin resistance gene, which 
was a suitable antibiotic marker. The tetR and tetA genes were removed from pCM 130 
following restriction digestion with SexAI and NarI and a DNA fragment carrying a 
kanamycin resistance gene was digested out of peM 132 with similar restriction 
enzymes and cloned into pCM130 to give the new BHR promoter probe vector, 
pMHA 199 (Figure 4.20). In addition an alternative BHR promoter probe vector 
utilisinggfp was constructed. The lacZ gene from pCM132 was removed by Kpnl and 
SphI digestion and a gfp gene was cloned in via the same restriction sites to give the 
new vector, pMHA200 (Figure 4.20). Note: The gfp gene was amplified from pMJ 153 
(Figure 4.4) along with its natural RBS using primers gfp-KpnI-F (5'-TCA TAT GGT 
ACC AAA ATA AGG AGG-3') and gfp-SphI-R (5'-CGA ATA ATT CTA CGC 
ATG CTA TIT G-3 '), which included restriction sites, as indicated by the primer 
names, to facilitate cloning. 
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Figure 4.20 A schematic representation of the cloning steps involved in the 
construction of the BHR promoter probe vector , pMHA 199 and pMHA200. The 
restriction sites highlighted in red and blue are tho e involved in cloning. 
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4.5.3 Analysis of pMUA200 as a BUR promoter probe vector 
The construction of pMHA 199 and pMHA200 (Section 4.5.2) and the 
availability of peM 132 gave rise to a number of suitable BHR promoter probe vectors, 
utilising xylE, gfp and laeZ, for use in methanotrophs. Unfortunately due to time 
constraints, only pMHA200 was fully analysed in terms of an effective BHR promoter 
probe vector in methanotrophs and is described in this section. 
The various new integrative promoter probe vectors described in previous 
sections were tested using the mmoX 0-54 promoter from Me. eapsulatus and the results 
indicated that the reporter gene was tightly regulated by copper in these constructs. 
This tight regulation is a common feature of methanotrophs possessing both pMMO 
and sMMO enzymes. However, the recently characterised facultative methanotroph, 
Methyloeella silvestris has been shown to possess only sMMO and its expression was 
found not to be dependent on copper (Theisen et al., 2005). In order to investigate the 
transcriptional regulation of the mmoX 0-54 promoter from M. silvestris under different 
growth conditions, a transcriptional fusion was constructed. The mmoX 0-54 promoter 
from M. silvestris was PCR amplified using primers 0-54-BL2-F (5'-GCG CGT AGG 
AAT TCG TCT ATG GC-3') and 0-54-BL2-R (5'-CTC ACA TTG GAG CTC GGC 
AGA GC-3 '). Cloning of the PCR product into the promoter region of the BHR 
promoter probe vector, pMHA200, containing the promoterlesss gfp reporter gene, was 
facilitated by introducing EeoRI and Sad restriction sites within the forward and 
reverse primer respectively (highlighted in bold and also underlined). The PCR 
product (1099 bp) was initially cloned into pCR2.I-TOPO vector using the TA-TOPO 
cloning kit (Invitrogen) to give plasmid pMHA203A. The promoter region was then 
digested out of pMHA203A (1080 bp) and ligated into pMHA200 to give the final 
construct pMHA203 (Figure 4.21A). 
The plasmid construct, pMHA203, was conjugated into M. silvestris and the 
GFP activity and thus the transcriptional profile of the sMMO 0-54 promoter was 
qualitatively analysed with different substrates and under different growth conditions. 
The reporter strain was grown with methane, methanol, acetate, ethanol, succinate or 
pyruvate as the sole source of carbon and energy. In addition, the reporter strain was 
grown under high and low copper conditions with methane as the growth substrate. 
GFP fluorescence was only observed when the reporter strain was grown on methane 
under high and low copper conditions (Figure 4.21 B), which clearly indicated that 
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transcription from the sMMO 0'54 promoter is not repres ed by copper ions in M 
silvestris, but was switched off when grown on alternative carbon source (Theisen et 
al. , 2005). These data provided the first insights into the alternative mode of regulation 
of the expression of the sMMO enzyme in M silvestris. 
A. 
pMHA203 
9865 bps 
B. 
Sacl 
Figure 4.21 M silvestri OFP reporter strain. A. Schematic representation of the 
BHR promoter probe vector pMHA203 containing the mmoX 0'54 promoter from M 
silvestri fused to a promoterless gfp. The EcoRi and SacI restriction sites were used to 
facilitate the cloning of the promoter. B. OFP fluorescence of M silvestris reporter 
strain grown on methane and visualised under a fluore cent microscope. 
4.5.4 Over-expression of the N-terminus of pMmoB 
To further demonstrate the usefulness of the BHR promoter probe vector, 
pMHA200, it was used as an over-expression vector. The N-terminus of MmoB of the 
pMMO enzyme (N-pMmoB) wa hypothesised to playa role in forming a complex 
with methanol dehydrogena e (MDH) (Akimitsu Miyaji, personal communication). 
The MDH was thought to be involved in electron donation to the active site of pMMO 
via N-pMmoB, which is required for the initial activation of the C-H bond for methane 
oxidation. In order to te t thi hypothesis, the N-pmmoB was PCR amplified from Mc. 
capsulatus using primers N-pmoB-F and N-pmoB-R and fu ed to the pMMO 0'70 
promoter in plasmid pMHA201 (Chapter 6) via SacI restriction sites to give the new 
construct, pMHA202 (Figure 4.22A). In order to selectively clone and express the N-
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terminus of pMmoB in E. coli, DNA tails containing the translation initiation codon 
(ATG), RBS for pMMO (J70 promoter (GAGGA) and the translation stop codon (T AA) 
were included in the same coding frame as the pMmoB in the forward and reverse 
primer respectively (Table 4.4). 
Table 4.4 Sequences of primers to amplify the N-terminus of pmoB. I A 31 bp 
DN A tail comprised of the A TG and the 5' region of the pmoA (copy 1) gene in Me. 
capsulatus. It includes the translation initiation codon, RBS, and a Sac! restriction site. 
2Forward primer with 5' DNA tail. 3DNA tail for the reverse primer containing the 
translation stop codon and a Sad restriction site. 4Reverse primer with 3' DNA tail. 
sRevers complement of reverse primer with DNA tail. 
, 
Primers Sequence 
N-pmoB-F 
lTCAACGAGCTCTTTAGGAGGAACAAACAATG 
LTCAACGAGCTCTTTAGGAGGAACAAACAATGCACGGTGAGAAATCGCAGGC 
3GGCGAGAGCTCTTA 
N-pmoB-R 3GGCGAGAGCTCTTATTCGTTGTAGTTCTCCAGGTCCAC 
4GTGGACCTGGAGAACTACAACGAATAAGAGCTCTCGCC 
The plasmid construct pMHA202, containing the genes encoding N-pMmoB 
and GFP, which were under the transcriptional control of pMMO (J70 promoter, were 
over-expressed in E. coli S 17.1 'A.pir. The crude extracts, soluble and particulate 
fractions were isolated from exponentially growing E. coli cultures as described in 
Section 2.9.1 and the respective fraction were analysed on a 12.5 % (w/v) SDS-PAGE 
gel (Figure 4.22 
B). Protein fractions were also isolated from E. coli S 17.1 'A.pir wild-type strain 
and strain containing plasmid pMHA201 for use a controls. 
The data presented in Figure 4.22B clearly shows the over-expression of both 
GFP (27 kDa) and N-pMmoB (17 kDa) in E. coli using the BHR vectors, pMHA201 
and pMHA202, which were both based on pMHA200 (Section 4.5.2). As expected the 
GFP, which is a soluble protein, was only present in the soluble fraction, whereas the 
N-pMmoB, which is a membrane protein, was pre ent only within the particulate or 
insoluble fraction. In the ca e of the over-expression of GFP from pMHA201, it 
accounted for approximately 15 % of the total cellular protein, whereas the over-
expression of both GFP and N-pMmoB from pMHA202 accounted for approximately 
25 % of the total cellular protein. 
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Figure 4.22 Over-expres ion of N-pMMOB in E. coli. A. chematic representation 
of the strategy for constructing pMHA202. B. SO -PAGE (12.5 % w/v) gel containing 
E. coli S 17.1 'A.pir crude extracts (lanes 1-3), soluble fraction (lanes 4, 6, and 8), and 
particulate fraction (lanes 5, 7 and 9) from wild-type strains (lanes 1, 4, and 5), 
strain containing plasmid pMHA201 (lanes 2, 6, and 7) and strains containing pia mid 
pMHA202 (lanes 3, 8, and 9). Lane 10 contains a molecular mas marker (Dalton 
Mark VII-L - Sigma). 
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4.6 Discussion and future perspectives 
4.6.1 Integrative vectors 
The construction of the integrative suicide vector, pMHAOO 1, has allowed the 
subsequent development of a number of general promoter probe vectors containing 
various promoterless reporter genes such as gfp, xylE, lacZ, and the kanamycin 
resistance gene. Since the promoter probe vectors were all based on the conditional 
replicon of ColEl with recognition sites for RP4 origin of transfer, they were all 
suitable for integration into the chromosome of non-enteric gram-negative bacteria 
such as methanotrophs via conjugation with the help of the donor E. coli S I 7.1 Apir 
strain. The integrative function and the versatility of the promoter probe vectors for use 
as a genetic tool for transcriptional analysis of promoters were demonstrated through 
the construction of single copy in-vitro transcriptional fusions between mmoX crS4 
promoter from Mc. capsulatus and the promoterless reporter genes. The resulting Mc. 
capsulatus reporter strains containing single copies of the reporter gene, which were 
under the transcriptional regulation of the mmoX crS4 promoter, were stably integrated 
into the chromosome and showed no evidence of undergoing chromosomal 
rearrangement during periods of continuous cultivation due to the availability of a 
positive antibiotic selection for the recombinants resulting from single homologous 
recombination. Furthermore, all the promoter probe vectors underwent single 
homologous recombination with high frequency via the mmoX cr54 promoter. 
The active expression of gfp, xylE, lacZ, and kanamycin resistance gene from 
the mmoX crS4 promoter was demonstrated in both NMS agar plates and liquid cultures. 
Although the expression of GFP and XylE in Mc. capsulatus has been demonstrated in 
previous studies (Csaki et al., 2003; Stolyar et al., 2001), this was the first report of 
active expression of LacZ in methanotrophs since previous attempts to express LacZ 
were unsuccessful (M. Lidstrom, personal communication). 
The activity of the reporter gene, with the exception of kanamycin (see 
discussion below) resembled the activity of sMMO enzyme under high and low copper 
conditions and the data obtained were comparable to those obtained in previous studies 
(Csaki et al., 2003; Nielsen et al., 1996). During growth under high copper-to-biomass 
ratio, the transcription from the mmoX cr54 promoter was totally repressed and the 
reporter gene activity detected was negligible, which also indicated that there was no 
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interference from background transcription from the plasmid or indeed from promoters 
located 5' of the integrated promoter probe vector. In addition, the introduction of a 
second copy of the promoter into the chromosome did not create a polar affect on the 
transcription from the original promoter and therefore did not affect sMMO 
expression. This demonstrated the usefulness of these promoter probe vectors for 
analysing promoter activities under different growth conditions and thus fulfilled 
partially the initial aims of this study. 
In addition to the initial aims of this study, the usefulness of the various 
reporter genes as a selection marker for the high-throughput detection of sMMO 
expression were assessed. Overall the activity of the reporter genes in Me. eapsulatus 
was relatively low compared to the activity in E. coli due to the single copy 
integration. In particular the GFP activity was low, even when cultivated to high cell 
density in a 5 L fermentor compared to the XylE and LacZ activity in Me. eapsulatus. 
The relatively low level of GFP expression made it unsuitable as a reporter strain for 
detecting sMMO expression. One of the contributing factors for this low level of GFP 
expression was possibly due to the RBS of GFP (AGGAG), which differed from that 
of mmoX (GAGGA) and was possibly only poorly recognised in Me. eapsulatus. 
Subtle differences in the RBS have been demonstrated experimentally to be sufficient 
to reduce the binding affinity of the ribosomal RNA for the RBS and thus the 
efficiency of translation (Schottel et al., 1984). In summary it can be concluded that 
the low GFP expression is due to an effect post transcription since exactly the same 
promoter region was used in the XylE and LacZ construct, where high levels of 
reporter gene expression were observed. The only difference was that in these 
constructs, the RBS were altered to resemble that of mmox' For the use in future 
studies, it may be possible to improve the GFP activity by constructing exact 
transcriptional fusions with the promoter by incorporating a DNA tail, which includes 
the DNA region 5' of the ATG of the gene of interest including the native RBS, 
similarly to the construction of the kanamycin and LacZ transcriptional fusions carried 
out in this study (Sections 4.3 and 4.4). 
In comparison, the XylE reporter strain yielded very high levels of reporter 
gene activity when cultivated to high cell densities in a 5 L fermentor under low 
copper conditions, which were almost comparable to the activities yielded from E. coli 
cultures cultivated in flasks (Figure 4.11 and 4.12). On NMS agar plates the XylE 
activity was detectable using the chromogenic substrate, catechol. In addition, the cells 
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expressing XylE could be easily differentiated from those that were not and thus made 
it a useful reporter strain for detecting sMMO expression. 
Similarly, the LacZ reporter strain yielded very high levels of reporter gene 
activity (Figure 4.18). The use of X-gal as a chromogenic substrate for the detection of 
sMMO expression was unsuccessful due to the poor growth on X-gal dissolved in 
DMF or DMSO and therefore it was not possible to exploit the blue/white screen for 
detecting sMMO expression. This was overcome by using the fluorogenic substrate, 
MUG, which when hydrolysed emitted a blue fluorescence under UV light (Figure 
4.19). Although the activity of both XylE and LacZ using catechol and MUG as 
substrate, respectively, were accumulative, the blue fluorescence emitted following the 
hydrolysis of MUG was detectable with greater sensitively compared to the yellow 
diffusible product produced following the hydrolysis of catechol. This made the Me. 
eapsulatus LacZ strain an excellent reporter strain for detecting sMMO expression and 
thus for the high-throughput detection of sMMO mutants. 
The rationale for constructing a antobiotic-resistance promoter probe vector, 
such as kanamycin, was to allow the direct selection of sMMO mutants (i.e. sMMO 
constitutive mutants where the transcription of the mmoX 0'54 promoter will not be 
repressed under high copper conditions). Following the initial attempts to isolate Me. 
eapsulatus kanamycin reporter strains on kanamycin (15 ~g mrl) and gentamicin (5 
~g mr)) were unsuccessful since the initial selection on kanamycin made it lethal due 
to the repression of the promoter and thus the expression of the protein conferring 
kanamycin resistance. In conclusion, the unsuccessful nature of this experiment was 
most likely due to the tight regulation of the mmoX 0'54 promoter with respect to copper 
ions and in tum reinforced the data already obtained using the GFP, XylE and LacZ 
reporter strain. Isolation of the kanamycin reporter strain will be very useful for future 
studies for the direct detection of sMMO mutants and can be relatively easily isolated 
by initially selecting for single cross-over recombination events via the mmoX 
promoter on gentamicin and then subsequently on both kanamycin and gentamicin 
following the induction of the promoter under low copper conditions. 
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4.6.2 Broad-host range vectors 
The construction of the low background BHR promoter probe vectors pCM 130 
and pMC132 by Marx and Lidstrom, (2004) made it possible to construct a modified 
version of these vectors suitable for use in methanotrophs. The BHR promoter probe 
vectors pMHA 199 and pMHA200 containing xylE and gfp respectively were 
constructed. These vectors were based on the BHR RK2 vectors containing the IncP 
replicon. The BHR replication features and the adaptability into species specific 
promoter probe vector was demonstrated through the construction of a in-vitro 
transcriptional fusion using plasmid pMHA200 and mmoX 0-54 promoter from M. 
silvestris. The resulting vector, pMHA203, was successfully transferred and 
maintained in M. silvestris and the GFP activity was used to assay the transcriptional 
activity of the promoter under different growth conditions and copper concentrations. 
The data obtained using this vector yielded valuable information about the 
transcriptional regulation of the mmoX 0-54 promoter from M. silvestris, which have 
been published recently (Theisen et al., 2005). Most importantly, it confirmed at the 
level of transcription the constitutive nature of the M. silvestris mmoX 0-54 promoter 
under high and low copper conditions. It is noteworthy that vectors based on RK2 are 
relatively low in copy number, with an estimated copy number of 5-7 per chromosome 
in E. coli. However, the GFP activity of the multi-copy plasmid, pMHA203, in M. 
silvestris was found to be significantly higher than that of the single integrated copy of 
GFP in Me. eapsulatus using vector pMHAOll. Recent work by Andreas Theisen is 
focused on the quantification of the GFP activity in M. silvestris. In addition the GFP 
reporter strain is being further exploited to assay sMMO expression following the 
construction of knock-out mutants in mmoR, since in M. silvestris the regulatory genes 
mmoR and mmoG are co-transcribed with the sMMO structural genes (Theisen et al., 
2005). 
The feasibility of using these vectors in over-expression studies were also 
demonstrated in E. coli following the selective over-expression of the N-terminus of 
pMmoB for the use in in-vitro protein binding studies with MDH (Figure 4.22). Recent 
work by Akimitsu Miyaji is focused on the purification and the re-folding of the N-
terminus of pMmoB. In light of the success using one of these vectors for expressing 
in E. coli, it may be possible to use them for over-expressing proteins of interest in 
methanotrophs. 
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4.6.3 Summary and future perspectives 
In summary, in this study a series of integrative suicide promoter probe vectors 
and BHR promoter probe vectors have been constructed. Through the construction of 
transcriptional fusions with mmoX cr54 promoter from Mc. capsulatus and M. silvestris 
the usefulness of these vectors have been demonstrated. All the promoter probe vectors 
constructed in this study are relatively small in size containing a large selection of 
unique cloning sites and with the availability of the full sequence information which 
allowed them to be readily adaptable to species specific promoter probe or expression 
vectors. The availability of these vectors has greatly facilitated further detailed studies 
to be carried out to investigate the molecular regulation of MMO in methanotrophs. 
For example the LacZ reporter strain has been shown to be a very useful reporter gene 
since its activity was detectable with very high sensitively using the MUG substrate 
and therefore it was further exploited for the high-throughput detection of sMMO 
mutants following transposon mutagenesis in Chapter 6 and in further MMO 
regulation studies described in Chapter 5. 
The availability of the genome sequence of Mc. capsulatus has led to the 
identification of a number of targets for mutagenesis. The current procedure for 
constructing mutations is based on the marker-exchange mutagenesis developed 
originally by Martin and Murrell (Martin & Murrell, 1995). However, as it can be seen 
from the work presented in Chapter 3, this method for constructing mutations involved 
several cloning steps and was very time consuming. The construction of the integrative 
suicide vector, pMHAOOl, in this study could be theoretically used to construct 
mutants by insertional inactivation. Since the vector is conditional for its replication, it 
can be used to create a defined duplication within a target genome as was shown with 
the mmoX cr54 promoter in the above reporter strains. For example this system can also 
be used to obtain gene disruptions by cloning an internal portion of a gene sequence 
into such a suicide plasmid and thus generating two incomplete gene copies upon 
integration of the plasmid into the chromosome (Figure 4.23). Construction of the 
vector for obtaining a mutant in a defined gene using this system will only involve one 
cloning step and thus will allow many more gene disruptions to be carried out. It is 
noteworthy that although gene disruption using this system has not been demonstrated 
in this study, all the steps necessary for constructing mutants have been already 
demonstrated through the integration of the various reporter genes in Mc. caps ula tus, 
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which was used to create a duplicate copy of the mmoX 0-54 promoter (Figure 4.8). 
Similar suicide vectors have been used for insertional inactivation of genes in 
Rhizobium meliloti (Becker et al., 1995) and Rhodobacter sphaeroides (Penfold & 
Pemberton, 1992). 
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Figure 4.23 An example gene mutation (i.e. mmoX) by insertional inactivation system using an integrative suicide vector. A 
hypothetical arrangement of the structural genes encoding sMMO (mmoXYBZDC) following single homologous recombination between 
internal portions of the mmoX gene from the plasmid and the chromosome and thus producing two incomplete copies of the mmoX gene. 
X' represents partial chromosomal copy of mmoX and X" represents the internal portion of mmoX gene on the plasmid. The black line 
represents the DNA sequence of the chromosome and the red line represents the DNA sequence of the plasmid. Note: The orientation of 
the cloned internal portion of the gene will not affect recombination. 
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Chapter 5 
The 'copper-switch' and transcriptional 
regulation of MMO expression 
137 
5.1 Introduction 
The regulation of expression of bacterial genes responsible for cellular 
adaptation to a particular niche, their response to environmental stress, stimuli and 
growth is highly complex. In addition, the complexity of the molecular mechanisms 
involving gene regulation is further increased since they are often subjected to 
regulation at various levels involving additional factors in the form of activators and 
repressors and thus are often not well understood. However, a great deal of information 
is known about the transcriptional regulation of gene expression in Escherichia coli 
(Burgess & Anthony, 2001; Kazmierczak et ai., 2005; Murakami & Darst, 2003). In 
general, transcription mediated by DNA-dependent RNA polymerase is regarded as the 
critical first step in regulation, where DNA is transcribed into RNA and is the target 
for many regulators of gene expression. 
In bacteria, RNA polymerase is responsible for most cellular RNA synthesis 
and the core RNA polymerase complex (a2~~ ') is sufficient for transcription 
elongation and termination but not initiating transcription (Paget & HeImann, 2003). 
The efficient initiation of transcription requires an additional subunit called the cr 
factor, which forms the RNA polymerase holoenzyme (Ecr). The Ecr plays the essential 
role of promoter recognition and the formation of an competently active enzyme 
complex, thus allowing initiation of transcription (Burgess et aI., 1969). The 
specificity of Ecr for a particular promoter is governed by dissociable cr factors, which 
in bacteria are categorised into two main classes, based on their sequence similarities 
and mechanism of transcription initiation (Kazmierczak et al., 2005). 
The cr70 -class of cr factors are the major class of cr factors and are often referred 
to as primary cr factors as they are responsible for the expression of most genes 
expressed during exponential growth (Wigneshweraraj et ai., 2001). Activation of 
transcription by holoenzyme containing cr70 (Ecr70) is directed to a promoter element 
centred at -10 and -35 relative to the +1 transcription start site. Once bound, it 
undergoes conformation changes to form an open complex leading to transcription 
initiation without the requirement of an additional enhancer element (Paget & 
HeImann, 2003). In methanotrophs, the promoter initiating transcription of the pMMO 
operon (pmoCAB) has been shown to initiate from a cr 70 like promoter located 5' of 
pmoC (Gilbert et ai., 2000). 
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The second class of cr factor, cr54, is structurally and functionally distinct trom 
those related to the primary cr70 family and is involved in the transcription of many 
different and unrelated genes (Cases et al., 2003). In general, gene regulation by cr54 
promoters is not essential for survival and growth under favourable conditions (Buck 
et al., 2000). The mechanism of transcription trom Ecr54 is different to that of Ecr 70 in 
that it requires an enhancer binding protein (also known as the cr54-dependent 
transcriptional activator) to promote isomerisation of the Ecr54-DNA complex to a 
transcription-competent open complex (Buck et al., 2000). As shown in Chapter 3, 
analysis of the promoter region located 5' of mmoX in various methanotrophs (Table 
3.2) revealed the presence of the highly conserved -24 and -12 consensus sequence for 
the cr54 promoter. In addition, the identification of a number of cr54-dependent 
transcriptional activators (mmoR) specific for the sMMO cr54 promoter lent further 
support for a bonafide cr54 promoter driving transcription of the sMMO operon. 
The phenomenon of the 'copper-switch' in methanotrophs, as discussed in 
Chapter 1 in some detail, was originally proposed by Stanley et al., (1983) where the 
intracytoplasmic location of MMO activity was shown to be dependent on the copper 
to biomass ratio (Stanley et ai., 1983). Since this key finding, a number of studies were 
initiated in our laboratory to resolve the molecular mechanisms underlying the 
regulation of the expression of MMO by copper ions. Despite significant advances in 
biotechnology and our understanding of the 'copper-switch', the exact molecular 
mechanism regulating the expression of MMO is unknown. It is now generally 
accepted that the predominant intracytoplasmic location of MMO activity is dependent 
on the copper-to-biomass ratio. However, there is much debate surrounding the 
transcriptional regulation ofthe pMMO operon (Choi et al., 2003; Nielsen et al., 1997; 
Stolyar et al., 2001) and the mechanism regulating the transcriptional on-off switch of 
the sMMO operon via the cr54 promoter is unknown. Furthermore, very little is known 
about the mechanisms involving the transport of copper in and out of the cell. 
The initial aim of this study was to utilise the genetic tools developed in 
Chapter 4 to explore the 'copper-switch', particularly the transcriptional regulation of 
the pMMO cr70 promoter and the sMMO regulatory genes, mmoR and mmoG. 
Secondly, attempts were made to identify upstream activating sequence of the sMMO 
cr
54 promoter by error-prone PCR. In addition, a 'Knock-in' mutagenesis approach was 
taken to overcome the tight regulation of transcription of the sMMO operon by 
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attempting to replace the sMMO 0'54 promoter for a strong constitutive promoter. The 
sequencing of the Me. eapsulatus genome led to the direct identification of a number 
of homologues of copper transport proteins. Therefore, in order to exploit this 
information and to correlate their function to copper transport and thus in MMO 
regulation, knock-out mutants were constructed by marker-exchange mutagenesis and 
attempts were made to phenotypically characterise the resulting mutants. 
S.2 Exploring the 'copper-switch' 
S.2.1 Transcriptional activity of the pMMO 0'70 promoter 
The initial findings from the MMO regulation studies carried out on Ms. 
sporium (Chapter 3) indicated that the pMMO operon (pmoCAB) is transcribed 
constitutively and that it was regulated at a level post-transcription. These results are 
contrary to those reported by Choi et aI., (2003) and Stolyar et al., (2001). Therefore, it 
was necessary to reinvestigate using various methods whether transcription of the Me. 
eapsulatus pMMO operon is regulated by copper and if it is linked to the 'copper-
switch' transcription of the sMMO operon. To address these questions, firstly a 
transcriptional fusion was constructed with gfp in the BHR promoter probe vector 
pMHA200, and pMMO (operon 1) 0'70 promoter from Me. eapsulatus. The pMMO 0'70 
promoter was PCR amplified using primers pMMO_O'70 -promoter-EeoRI-F (5'CGT 
TGA GGAATT CGG CAC AGA AAG TG-3') and pMMO-O'7o-promoter-Sad-R (5'-
TTT ITG TTC CTC CTA AAGAGCTC G ITG AC-3 '), which included restriction 
sites, as indicated by the primer names, to facilitate cloning. It was difficult to amplify 
the promoter using these primers and only very faint products were obtained. The faint 
PCR products of the pMMO 0'70 promoter were cloned into pCR2.1-TOPO vector, 
yielding the intermediate construct, pMHA201 A. The promoter fragment was released 
with EeoRI and Sad and cloned into pMHA200 via the same restriction sites, yielding 
the new vector, pMHA201 (Figure 5.IA). Electrocompetent E eoli SI7.1 Apir cells 
were transformed with pMHA201 and GFP expression was detected (Figure 5.IB) 
indicating that the pMMO 0'70 promoter was recognised by E. eoli RNA polymerase. 
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A. B. 
pMHA201 
Slid 
Figure 5.1 A. Schematic representation of the BHR promoter probe vector, 
pMHA20I , containing the pMMO (570 promoter from Mc. capsulatus fused to the 
promoterless gfp. B. GFP fluorescence of E. coli S 17.1 Apir cells, containing 
pMHA20 I, visualised under a fluorescent microscope. 
The BHR promoter probe vector pMHA200 was based on pCM 132, which 
contains a transcriptional terminator located 5' of the promoter region and was 
demonstrated to have low background reporter gene activity in Methylobacterium 
extorquens AMI (Marx & Lidstrom, 2001). Since the pMMO (570 promoter was 
recognised by E. coli RNA polymerase, it gave a convenient means to further 
investigate the background activity of the reporter gene in E. coli before embarking on 
detailed transcriptional regulation studies in Mc. capsulatus. This was accomplished by 
quantifying the GFP activity in cell-free extracts obtained from exponentially growing 
E. coli S 17.1 Apir cells containing pMHA200 (contains no promoter) and pMHA201 
(contains pMMO (570 promoter), respectively (Figure 5.2). 
The data obtained confirmed the low background reporter gene activity of 
vectors based on pCM132 as no GFP activity was detected in E. coli cells containing 
pMHA200, whereas in E. coli cells containing pMHA201 , high levels of GFP activity 
were detected. The low background property of these vectors made it ideal for their use 
in assaying promoter activity under different copper conditions. 
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Figure 5.2 Bar chart showing the low background OFP activity of the BHR 
promoter probe vector, pMHA200 in E. eoli S17.l Apir. The OFP activity was 
measured in cell-free extracts obtained from E. eoli cells containing pMHA200 
(sample 2) and pMHA201 (sample 3). Cell-free extracts extracted from wild-type 
strain was used as a control. The OFP activity represents a mean of two independent 
assays and the mean standard deviation (expressed as percentage) is shown in brackets. 
To assay the transcriptional activity of the pMMO 0 70 promoter in Me. 
capsulatus under high (1 IlM CUS04) and low (no added CUS04) concentrations of 
copper, pMHA201 was conjugated into Me. eapsulatus. As an additional control , 
pMHA200 was also conjugated into Me. capsulatus. The resulting transconjugants 
were selected on NMS agar plates containing kanamycin (15 Ilg mrl). Following the 
initial qualitative analysis, OFP activity was detected in Me. capsulatus containing 
pMHA201 grown under high and low concentrations of copper and as expected, no 
OFP activity was detectable in Me. capsulatus containing pMHA200. In order to 
quantify the OFP activity driven from the pMMO 0 70 promoter, both Me. capsulatus 
reporter strains were cultivated in 5 L fermentors in batch cultures under high and low 
copper conditions. The naphthalene assay for sMMO was performed on cells from 
which cell-free extracts were prepared. The assay confirmed the presence of sMMO 
activity under low copper conditions and the absence of activity under high copper 
conditions. The specific OFP activities of the above samples were quantified using 
methods described in Section 2.10.2 (Figure 5.3). 
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Figure 5.3 Bar chart showing the specific activity of GFP driven from pMMO cr70 
promoter under high and low copper conditions. The GFP activity was measured from 
cell-free extracts extracted from Me. eapsulatu cells containing pMHA200 (sample I 
and 2) and pMHA201 (sample 3 and 4) grown under high (samples 2 and 4) and low 
(samples I and 3) copper condition . 
The data presented in Figure 5.3 indicated that transcription initiated from pMMO cr70 
promoter is not affected by copper concentration. These data agreed with those 
obtained from M . sporium using RNA dot-blotting pre ented in Chapter 3. 
In a separate experiment, a similar vector to pMHA201 was con tructed by 
cloning the sMMO crS4 promoter from Me. eap ulatus into pMHA200 via EeoR! and 
SacI sites to yield the vector, pMHA204. The promoter was amplified using primers 
Me-cr s4-EeoRI-F (5'-GTG ATG GAA TIC GCG AGC ATA TCC-3 ') and Me_cr s4_ 
SacI-R (5 ' -GAA TGA TGA GAG CTC GAT GAC GTC-3 ' ). Since the transcriptional 
terminator in pMHA200 was very effective in blocking background transcription 
initiated from promoter present on the vector (Figure 5.2), it was convenient for 
investigating whether the tight transcriptional regulation of the sMMO crS4 promoter 
was a result of direct inhibition of transcription by copper. Therefore the purpo e of 
constructing pMHA204 wa to investigate the copper effect on the sMMO crS4 
promoter in E. eoli. However, it is noteworthy that once pMHA204 was introduced 
into E. eoli, no GFP expression was observed. Thi i not unexpected as the crS4 
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dependent transcriptional activator (MmoR) is not present in E. coli and therefore no 
transcription would be initiated from this promoter. In addition, it is possible that the 
E. coli RNA polymerase does not recognise the a 54 consensus sequence of sMMO 0'54 
promoter. Due to time constraints, this experiment was temporarily abandoned. 
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5.2.2 Transcriptional analysis of MMO and MMO regulatory genes 
To further investigate the MMO 'copper-switch' at the level of transcription, 
RT-PCR and RNA dot-blot analysis were performed. Total RNA was extracted from 
exponentially growing fermentor cultures of Mc. capsulatus expressing pMMO or 
sMMO, using the method de cribed in Section 2.3.2 (Figure 5.4). 
23S rRNA 
subunit 
16S rRNA 
subunit 
Figure 5.4 RNA extracted from Mc. capsulatus cultures expressmg pMMO 
(samples 1-3) and sMMO ( amples 4-6). 
DNA from the RNA samples was removed by treatment with DNaseI and the removal 
of DNA was confirmed by PCR (Figure 5.5A). RT-PCR, as described in Section 2.6.3, 
was performed to monitor mRNA transcripts for mmoX, pmoA, mmoR, and mmoG 
under high and low copper conditions (Figure 5.5B-E). It i noteworthy that since the 
transcription profile of mmoX was shown (Chapter 3 and 4) to be tightly regulated by 
copper at the transcriptional level, mmoX RT-PCR in this experiment acted as an 
internal standard to confirm low copper or sMMO expressing conditions of the RNA 
extracted. The mmoX and pmoA RT-PCR was performed using primers described 
previously (Holmes et al., 1995; Hutchens et al., 2004) and mmoR and mmoG RT-PCR 
was done using primers mmoR-F (5'-GAA GTG GCC GAA GCC TGG TG-3'), 
mmoR-R (5 ' -CAG CTC GCT CTC GAT GAG GTC-3 ' ), mmoG-F (5 ' -GOT OGC 
TAA CTC CAT CGT ACT C-3') and mmoG-R (5 ' -ACC GCG ACG GCC ITG AAG 
AC-3 ' ) which were designed in this study. 
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A. Control PCR B. mmoX RT-PCR C.pmoA RT-PCR 
101 8 bp 
506 bp 
D. mmoR RT-PCR E. mmoG RT-PCR 
101 8 bp 
506 bp 
Figure 5.5 Transcriptional analysis of mmoX, pmoA and the sMMO regulatory genes mmoR and mmoG by RT-PCR. A. Control PCR 
on DNase! treated RNA using mmoXprirners. B-E. RT-PCR ofmmoX,pmoA, mmoR and mmoG yielding 680 bp, 472 bp, 786 bp and 663 
bp products, respectively. Lane contents: Lane 1, negative control; lane 2, positive control containing Mc. capsula/us genomic DNA; lane 
3, RNA extracted from pMMO expressing (high copper) growth conditions; lane 4, RNA extracted from sMMO expressing (low copper) 
growth conditions. 
146 
The mmoX RT-PCR confinned the MMO expressing condition of the RNA 
extracted since mmoX transcripts can only be detected in RNA when the copper-to-
biomass ratio is low. The transcript for pmoA on the other hand was detected in RNA 
extracted from both pMMO and sMMO expressing cultures and confinned the result 
obtained above using the BHR promoter probe, pMHA201. Mutational analysis of the 
regulatory genes, mmoR and mmoG, indicated that they are essential for sMMO 
expression (Csaki et al., 2003; Stafford et aI., 2003), however, it was unclear whether 
these regulatory genes were subjected to regulation by copper. RT-PCR (Figure 5.5) 
indicated that mmoR and mmoG are not regulated by copper at the transcriptional level. 
Total RNA extracted above for RT-PCR was also used to prepare RNA dot-
blots as described in Section 2.7.3. The RNA dot-blots were probed with 16S rRNA, 
mmoX, pmoA, mmoR, mmoG and rpoN DNA probes, which were PCR amplified from 
Me. capsuiatus (Figure 5.6). Note: rpoN was PCR amplified from Me. capsulatus 
using primers rpoN-F (5'-CAT CAA GCT GCT GCA GAT GTC-3') and rpoN-R (5'-
CGG ACC AGA CGG ATC ACT TC-3 '). The rpoN gene encoding for the 0'54 regulon 
was used as a probe since although its expression is constitutive in many bacteria, it 
can be temporally regulated by negative autoregulation in some bacteria including 
Acinetobacter calcoaceticus, Azotobacter vinelandii, Klebsiella pneumoniae and 
Pseudomonas putida (Shingler, 1996). 
The RNA blot probed with 16S rRNA assured that a consistent amount of RNA 
was loaded per slot, whereas the RNA dot-blot probed with mmoX continned the 
condition of the RNA extracted from pMMO and sMMO expressing cultures. The data 
obtained confinned the RT-PCR data. Overall these data gave a clear insight into the 
differential regulation of MMO at the level of transcription. In addition, it indicated 
that the genes, mmoR, mmoG and rpoN were not regulated by copper at the level of 
transcription. 
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Figure 5.6 Transcriptional analysis of mmoX, pmoA and the sMMO regulatory genes mmoR, mmoG and rpoN by RNA dot-blot 
analysis. Each RNA dot-blot contains RNA extracted from pMMO (top row) and sMMO (bottom row) expressing Mc. capsulatus 
cultures, which were hybridised with a specific gene probe as indicated. Columns 1 - 3 contain approximately 0.5, 1.5 and 3.0 Ilg total 
RNA, respectively and approximately 6 ng of amplified gene probe was used as a positive control. 
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5.2.3 The roles of MmoR and MmoG in expression ofsMMO 
The initial cloning, sequencing and mutational analysis of the regulatory genes, 
mmoR and mmoG from Ms. trichosporium and Mc. capsulatus (Csaki et al., 2003; 
Stafford et al., 2003), indicated the essential nature of these genes for sMMO 
expression. Based on high sequence similarity, MmoR is thought to be a O'54-dependent 
transcriptional activator, which is involved in initiation of transcription from 0'54 
promoters. However the role of MmoG, which has high sequence similarity to GroEL 
homologues, is not clear. Due to the close proximity of mmoR and mmoG in the 
chromosome, it can be speculated that MmoG is involved in the assembly of MmoR 
into a transcriptionally competent conformation or alternatively it may be a sMMO-
specific chaperone involved in the correct folding of the sMMO enzyme. The role of 
MmoR and MmoG in initiation of transcription from the sMMO 0'54 promoter was 
investigated using a promoter probe vector. 
The promoter probe vector, pMHAOll, developed in Chapter 4 was modified 
so that it could be selected using a suitable alternative antibiotic marker other than 
gentamicin. This was because the Mc. capsulatus mmoR and mmoG mutant strains, 
obtained from Rob Csaki (University of Szegd), were isolated on gentamicin to ensure 
plasmid integration (Csaki et al., 2003). Therefore, the sMMO 0'54 promoter fused to 
GFP in pMHAOll was excised with PstI and EcoRI and ligated into the suicide vector, 
pK 18mob via the same restriction sites to yield the modified promoter probe vector, 
pMHA012 (Figure 5.7). The pK18mob vector was suitable to serve as the backbone 
for the promoter probe vector since it contained a recognition site for plasmid 
mobilisation and it allowed for its selection on an alternative antibiotic (i.e. 
kanamycin). 
The promoter probe vector, pMHAO 12 was integrated into the chromosome of 
Mc. capsulatus 8mmoR and 8mmoG mutant strains, obtained by transposon 
mutagenesis (Chapter 6), by conjugation. Transconjugants and thus the reporter strains 
were selected on NMS agar plates containing gentamicin (5 Jlg mrl) and kanamycin 
(15 Jlg mrl). The Mc. capsulatus 8mmoR and AmmoG reporter strains were cultivated 
in a 5 L fermentor and cell-free extracts were prepared from exponentially growing 
cultures expressing pMMO and sMMO. However, after monitoring for GFP 
expression, no activity was detected in cell-free extracts prepared from pMMO and 
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sMMO expressing culture . This indicated that both mmoR and mmoG were e sential 
for tran cription initiation from the sMMO (J54 promoter. 
A. 
BamH 
Pst I 
pMHAOl2 
5325 bps 
B. 
5090 bp 
4072 bp 
IOt8 bp 
506 bp 
Figure 5.7 A. Physical map of the modified GFP promoter probe vector, 
pMHA012, containing MMO (J54 promoter and the kanamycin resistance gene. B. 
Confirmation of the construction of pMHAO 12 by re triction digests analysis. Lane 1, 
Psll and BamHI dige tion releasing the 821 bp mmoX promoter fragment. Lane 2, 
BamHI and EcoRI dige tion releasing the 754 bp gfjJ fragment. 
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5.3 Exploring the sMMO 0 54 promoter and the attempted construction of a 
sMMO constitutive mutant 
5.3.1 Introduction 
Natural evolution of a bacterial genome is a process whereby DNA 
composition of genes and regulatory elements such as promoters undergo changes 
through mutations, deletions, and DNA rearrangement by naturally occurring DNA 
recombination (Arnold, 1998). The evolution of metabolic enzymes to a structurally 
and biochemically functional enzyme complex occurs over many generations and 
despite this slow process they are continually evolving to adapt to rapid changes in 
their environment. Over the past three decades there has been increasing interest in 
exploiting biological enzymes as biocatalysts for industrial use. In addition, the desire 
to enhance enzyme activity has led to the development of a number of techniques to 
mimic natural evolution. Site directed mutagenesis (SDM) is widely used for protein 
engineering (Wagner & Benkovic, 1990). Such approaches are currently underway in 
the Murrell Laboratory where key amino acid residues of the active site of the sMMO 
enzyme (i.e. a-subunit of the hydroxylase) are being mutated by SOM to alter 
substrate specificity. Error-prone PCR (EP-PCR) is an alternative approach for 
generating random point mutations and has the advantage that it is quick and easy to 
use. EP-PCR employs a low fidelity replication step to introduce random point 
mutations and using this technique mutants for example of lipases have been generated 
which have enhanced activity (Kohno et ai., 2001). In a similar fashion, EP-PCR has 
been used for detecting functional elements of proteins, for example the amino acid 
residues of 0 54 in E. coli required for proper response to an activator were identified 
(Syed & Gralla, 1998). 
Although directed evolution approaches are usually associated with 
modification of coding sequences followed by the selection of a enhanced protein 
activity, EP-PCR has been used in functional promoter analysis for identification of 
variant promoters with altered activity (Kagiya et al., 2005; Remans et al., 2005). 
Therefore, attempts were made to introduce random mutation in the sMMO 0 54 
promoter by EP-PCR, in the hope of identifying the upstream activating sequences, 
where it is believed the 0 54 transcriptional activator, MmoR, binds and to generate 
promoter variants with altered activity. In addition, attempts were also made to 
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overcome the tight regulation of the sMMO crS4 promoter by replacing it with a strong 
constitutive promoter, such as the pMMO cr70 promoter, by 'knock-in' mutagenesis. 
5.3.2 Construction of a modified LacZ reporter strain and error-prone PCR 
The sMMO crS4 promoter was mapped by Csaki et al., (2003) using a promoter 
probe vector and the region between -358 and -280 bp from the A TG of mmoX was 
thought to include the VAS involved in crs4-dependent initiation of transcription (Csaki 
et al., 2003). However, the reporter strains constructed in Chapter 4 included an 813 bp 
region of the sMMO cr54 promoter, which was more than necessary for transcription 
initiation. In order to reduce the region within which random point mutations were 
introduced by EP-PCR, a shorter region of the sMMO cr54 promoter was PCR-
amplified using primer Me-crs4-F-PstI (5'-CGA ACT GCA GTA CGG GAG ATC 
TGC-3') and Me-crs4-R-BamHI (5'-CCT CCG TAA CAC AGG ATCC CAT GA-3') 
to yield a 505 bp fragment (Note: restriction sites were introduced within the primer, 
and as indicated by the primer name to facilitate cloning). The laeZ promoter probe 
vector, pMHA034, containing the larger sMMO crS4 promoter fragment was removed 
by digestion with Pst! and BamHI and the shorter promoter fragment was digested and 
ligated into pMHA034 via the same restriction sites to yield the new laeZ promoter 
probe vector, pMHA036 (Figure 5.8A) (Note: The laeZ promoter probe vector was 
chosen for constructing additional Me. eapsulatus LacZ reporter strains since the 
activity of~-galactosidase could be detected with higher sensitivity, See Chapter 4). 
The promoter probe vector, pMHA036 was conjugated into Me. eapsulatus and 
the laeZ reporter strain was selected on NMS agar plates containing gentamicin (5 j..lg 
mr!). The shorter promoter region was tested to ensure it was still functional. This was 
done by cultivating the reporter strain on NMS medium containing no added copper to 
induce the promoter and the ~-galactosidase activity was monitored using the MUG 
assay (Figure 5.88). 
The construction of reporter strains containing mutated versions of sMMO crS4 
promoter fused to LacZ would allow for the rapid screening of altered promoter 
activity by simply monitoring the ~-galactosidase activity using the MUG assay. To 
this end, the crS4 promoter of sMMO was PCR-amplified to introduce errors with low 
and high frequency mutations using the GeneMorph II Random Mutagenesis Kit 
152 
(Strate gene ) and as described in Section 2.6.2. The mutated promoter fragments were 
digested with PstI and BamHI and ligated into pMHA034 after removing the larger 
sMMO crS4 promoter using the same restriction enzymes. The mutated promoter 
versions in pMHA036 were transferred to E. coli and a selection of the clones with low 
and high frequency mutations were analysed by sequencing (Figure 5.9A and B). 
A. 
Pst. 
pMHA036 
7528 bps 
B. 
Figure 5.8 A. Map of the lacZ promoter probe vector, pMHA036, containing a 
shorter version of the sMMO cr54 promoter compared to that in pMHA034. B. Depicts 
p-galactosidase activity, u ing the MUG assay, of Mc. capsulatus lacZ reporter strain 
constructed by integration of pMHA036 into the chromosome. Mc. capsulatus lacZ 
reporter strain [pMHA034] was used as a positive control. 
On average, 1.8 bp and 5.5 bp errors were introduced per promoter region 
amplified using low and high frequency mutation, respectively. This demonstrated that 
the rate of errors introduced can be carefully controlled using the method described in 
Section 2.6.2. It would have been interesting to combine a pool of E. coli S 17.1 'Apir 
clones containing mutated versions of the sMMO crS4 promoter and conjugate them 
into Mc. capsulatus. However, due to time constraints this experiment was not 
fmished. 
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Figure 5.9A Sequence alignment of six (LI-L6) mutated versions of sMMO crS4 promoter from E. coli [PMHA036] clones generated by 
low frequency mutation with sMMO crS4 promoter from Me. eapsulatus wild-type strain (sequence 1). The point mutations are highlighted 
in blue. 
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5.3.3 'Knock-in'mutagenesis 
Transcriptional analysis of the pMMO (370 promoter, as detailed above, 
revealed the constitutive nature of this promoter. On the other hand, work presented in 
Chapters 3, 4, and 5 indicated that transcription from the sMMO (354 promoter is 
regulated at the level of transcription by copper. This led to the possibility of 
exploiting the strong constitutive pMMO 0 70 promoter to replace the copper-
repressible sMMO 0 54 promoter in order to overcome the tight regulation of sMMO 
expression. An attempt to replace the sMMO 0 54 promoter with pMMO 0 70 promoter 
was made using a 'knock-in' mutagenesis approach in order to create a sMMO 
constitutive mutant. 
To construct the plasmid for 'knock-in' mutagenesis, the pMMO 0 70 promoter, 
the 5' region of sMMO 0 54 promoter and the mmoX gene were PCR amplified from 
Mc. capsulatus. The oriT was PCR amplified from pMJ153 using primers shown in 
Table 5.1. 
Table 5.1 PCR primers used to amplify 5' region of sMMO 0 54 promoter, 
pMMO 0 70 promoter, mmoX gene and oriT. The highlighted sequences show the 
introduced restriction sites (as indicated by the primer names) used to facilitate 
cloning. 
Primers Sequence Gene 
5'-sMMO-Pst I-F GATCCTGCAGCCAGTCCGGTC 
5' of sMMO promoter 
5'-sMMO-Bam HI-R GGCTGGATCCGAATTCTCTGAC 
70 CCACCATGGATCCGTAGAGTTC pMMO-cr -Bam HI-F 70 
70 pMMOcr promoter pMMO-cr -Eco Rl-R TGTTGCTGCCATTGTGAATTCCTCC 
mmoX -Eco Rl-F CGGAGGAATTCAGTAATGGCAC 
mmoX 
mmoX -Xba I-R TGGTTCTAGATTGATCGAACGATC 
oriT -Xba I-F AGGTTCTAGATGCCGCTTGCC 
oriT 
oriT -Xho I-R CAGGCGAGAGCCTCGAGAT 
The cloning strategy used to construct plasmid pMHAIOO for 'knock-in' 
mutagenesis is shown in Figure 5.10. The construction ofpMHAlOO was confinned by 
restriction digests analysis (Figure 5.11). 
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l.pDAH350 un] P!t'tl BamHI I (806 bp) I peR 
mmoX promoter 
Mc. capsulatus 
BamHI EcoRI I (1360 bp) I PCR 
pMMO (J70 promoter 
5. pMHAlOO I 
3. pMHAlOOB 
digestion 
EcoRI Xbal 
4. pMHAlOOC I (1649 bp) I 
digestion 
mmoXgene 
I pMJ153 PCR Xhal X/lOl 
• I (373 bp) I 
oriT 
Figure 5.10 Schematic representation of the cloning strategy used for constructing pMHA 1 00. The restriction sites highlighted in red 
were those introduced to facilitate cloning. The sizes of the DNA fragments following digestion are shown in brackets. 
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Figure 5.11 A. Map of pMHAI00 used for knock-in mutagenesis. B. Restriction 
digest analysis of pMHA 1 00. Lane contents of restriction digest of pMHA 100: lane I, 
PstI and BamHI; lane 2, BamHI and EeoRl; lane 3, PstI and EeoRl; lane 4, EeoRl and 
XbaI; lane 5,XbaI and XhoI; lane 6, EeoRI and XhoI; lane 7, HindIII. 
The knock-in plasmid construct, pMHAI00, was conjugated into Me. 
capsulatus and the transconjugants selected on NMS agar plates containing gentamicin 
(5 I-lg rnl- I ). Transconjugants selected on gentamicin allowed for the selection of 
mutants resulting from single homologous recombination. Since multiple DNA 
fragments of Me. capsulatus were used to construct pMHAIOO, it gave rise to multiple 
points for recombination into the chromosome following conjugation. However, the 
desired point of recombination for replacing the sMMO cr54 promoter with pMMO cr70 
promoter is via the mmoX gene as shown in Figure 5.12. 
The strategy was to fIrst select for transconjugants resulting from single 
recombination via mmoX gene by PCR. Then subsequently select for a strain which 
has recombined via the 5' region of the sMMO crS4 promoter, resulting in the loss of 
the plasmid backbone together with the sMMO crS4 promoter thus creating a 
gentamicin sensitive, sMMO constitutive Me. capsulatus strain. PCR primers were 
designed based on the pMMO cr70 promoter (5'-GTT AGA GGC AGA ACC GAT 
AGG-3') and mmoY (5'-AGC TTC AGG AAG CGC CTT CA-3') as indicated in 
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Figure 5.12, to aid identification of transconjugants resulting from single homologous 
recombination via the mmoX gene. However, after screening six transconjugants by 
colony peR, no products were obtained. Due to time constraints, the peR was not 
optimised and this experiment was terminated. 
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Figure 5.12 Schematic representation of the genotype of Me. eapsu[atus chromosome following single homologous recombination of 
pMHA 1 00 via A) 5 ' region of sMMO crS4 promoter and B) mmoX Note: There is also a third point of recombination via the pMMO cr 70 
promoter (not shown). The primers used for screening transconjugants resulting from recombination via mmoX are indicated by black 
arrows. 
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5.4 Investigating copper transport by targeted mutagenesis 
5.4.1 Introduction 
Copper is an essential element for all living organisms. It acts as a cofactor for 
many enzymes involved in electron transfer, utilizing dioxygen, such as cytochrome c 
oxidase. At elevated concentrations, copper is extremely toxic and therefore the 
amount of copper in a cell must be precisely controlled (Solioz & Stoyanov, 2003). 
Copper homeostasis and trafficking systems are best understood in Escherichia 
coli and Enterococcus hirae. In E. coli there are two well studied copper-responsive 
regulatory systems (Rensing & Grass, 2003). The first system involves a two-
component signal transduction system designated as the Cu-sensing or cus locus, 
where the cusRS genes, which encode for the sensor/regulator, activate transcription of 
the adjacent genes cusCFBA. The cusCFBA operon encodes for an enzyme complex 
similar to a family of proton/cation antipolar complexes involved in export of metal 
ions (Franke et ai., 2003). The second system involves the transcriptional activator, 
CueR, which is induced by copper and is termed cue for copper efflux. This system 
has been shown to regulate two genes, copA, which is a Cu(l)-translocating P-type 
ATPase and cueO, which is a multi-copper oxidase. CopA is a central component in 
copper homeostasis and is involved in copper transport across membranes (Rensing & 
Grass, 2003), whereas CueO is involved in copper tolerance (Grass & Rensing, 2001). 
In E. hirae, the cop operon regulates the cytoplasmic copper levels (Solioz, 
2002). The cop operon consists of four genes arranged in an operon (copABYZ). The 
gene products of copA and copB are copper transporting A TPases, cop Y encodes for a 
copper-responsive repressor, and copZ encodes a chaperone which can catalyse 
intracellular copper routing (Solioz & Stoyanov, 2003). The copper transporting 
system in E. hirae has been extensively studied and a working model for copper 
homeostasis has been proposed by Solioz and co-workers (Figure 5.13). 
The cop operon in Pseudomonas syringae consists of four genes, copABCD, 
which encode a multi copper oxidase, an outer membrane copper binding protein, a 
periplasmic copper binding protein, and a protein mediating copper uptake into the 
cytoplasm, respectively (Amesano et ai., 2003). Like the E. coli cus system, copABCD 
is regulated by two-component signal transduction system encoded by copRS. 
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145 69 727 745 
Figure 5.13 A working model for copper homeostasis in E. hirae. Extracellular 
copper is converted from Cu(II) to Cu(I) by the copper reductase, CorA, which is 
imported into the cell by CopA. The copper chaperone, CopZ picks up the copper and 
delivers it to intracellular copper-utilising enzymes such as superoxide dismutase 
(SOD). When there is excessive copper, CopZ delivers copper to CopB for secretion. 
In addition, it delivers copper to CopY, which binds the upstream Pcop and repre ses 
transcription of the cop operon. Figure was obtained from http://www.ikp.unibe.ch 
/labl/. 
Me. capsula/us is able to grow under a wide variety of copper conditions under 
which it regulates the expression of the metabolic MMO enzymes. Due to the central 
role copper plays in regulating MMO expression. it was crucial to under tand the 
copper responsive regulatory systems in methanotrophs. The copper transporting 
systems in methanotrophs has been largely overlooked until the sequencing of the 
genome of Me. eapsulatus (Ward et ai. , 2004). The genome sequence of Me. 
capsulatus facilitated the identification of a number of homologues to cu genes found 
in E. coli and cop gene found in E. hirae and P. syringae (summarised in Table 5.2). 
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Table 5.2 Putative copper homeostasis genes identified in Me. capsulatus genome 
(Ward et al., 2004). 
Gene (Putative) Description Gene No: , 
copA Copper-translocating P-type A TPa e MCA0705 
copA Copper-tran locating P-type ATPase MCA0805 
copA Multicopper oxidase family protein MCAIIOI 
copA Copper-translocating P-type A TPa e MCA20n 
cope Copper resistance protein MCA0807 
cope Copper resi tance protein MCA0808 
cope Copper resistance protein MCA2170 
copZ Copper chaperon MCA0611 
In addition, a number of low-molecular weight copper-containing compounds 
were previously identified (DiSpirito et al., 1998). Since then the crystal structure of 
the copper-containing compound was resolved and renamed methanobactin, as it was 
found to be an analogous molecule to a extracellular iron-containing compounds such 
as siderophores (Kim et aI., 2004). Methanobactin was found to accumulate in the 
growth media of Ms. trichosporium and Me. capsulatus when grown under copper-
limited conditions. However, it was found to rapidly intemalise when copper was 
provided. It was also found to co-purify with pMMO and the removal of 
methanobactin resulted in the loss ofpMMO activity in-vitro (Kim el aI., 2004). 
In light of these data it wa hypothesised that methanobactin may erve as an 
unknown copper acquisition system in methanotrophs and may play a key role in 
stabilising the pMMO enzyme complex for active expre sion. Siderophores are small 
peptides synthesised non-ribosomally by genes encoding for non-ribosomal peptide 
synthetase (NRPS) or polyketide synthetase (PKS). From the genome of Me. 
capsulatus, a number of putative genes encoding for NRPS has been identified, which 
may be involved in methanobactin biosynthesis (Table 5.3). 
Table 5.3 Putative non-ribosomal peptide synthetase genes which might be 
involved in the biosynthesis of siderophores such as methanobactin 
Gene ;\0: Ill-scription FUllction (putative) 
MCAI238 
MCAI883 
MCA2107 
Polyketide synthase 
on-ribo omal peptide ynthetase 
Non-ribo oma) peptide syntheta e, putative 
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Bio ynthesis of 
methanobactin 
To take advantage of this information, a targeted mutagenesis approach was 
initiated in order to explore the copper transport systems and investigate whether 
methanobactin acted exclusively as an extracellular copper-sequestering agent or 
whether it had other in-vivo function, related to the delivery and insertion of copper 
ions to copper containing proteins like pMMO. 
5.4.2 Mutagenesis of copper regulated targets 
To construct knock-out mutants, two flanking DNA regions of MCA070S 
(copper-translocating P-type ATPase) and MCA1883 (non-ribosomal peptide 
synthetase) were amplified by PCR and designated as product A and B, respectively. 
The primers used to amplify PCR products A and B are listed in Table S.4. 
Table 5.4 Primers used to amplify PCR products A and B from MCA070S and 
MCA 1883. Restriction sites were introduced via the primers to facilitate cloning 
(restriction sites are highlighted in bold and also underlined). INo restriction site was 
introduced in this primer since there was a SphI site within the region amplified. 
Primer Sequence peR product 
MCA0705AF-Xba I 5'-CGAATTCTAGATTGCGGTCGAAGG-3' 
A 
MCA0705AR-Sph I 5'-CCGTCAGCATGCATTCGTCT ACCG-3' 
MCA0705BF-Sph I 5'-CTTCATCGGCATGCCCA TCCTC-3' 
B 
MCA0705BR-Hin dlII 5'-GGCGACAAGCTTGTAACCGAAGG-3' 
MCA 1883AF-Xba I 5' -CCT ACATCT AGAAGCTGGTCTTG-3 ' 
A 
MCA1883AR' 5 ' -CAA TTCGAACTGGCGCTTGTC-3' 
MCA 1883BF-Sph I 5' -T ACCTCGCCGCATGCGTCGTTC-3' 
B 
MCA1883BR-Hin dIll 5' -CACTGAAGCTTGTCGCACAGGAAC-3 ' 
The plasmid constructs pMHAS02 and pMHAS04, for knocking out MCA 1883 
and MCA0705 respectively, were constructed using a strategy similar to that described 
in Section 3.S.3. Plasmids pMHA502 and pMHA504 were conjugated into Me. 
eapsulatus and mutants resulting from double homologous recombination were 
isolated through replica plating of the transconjugants onto NMS medium containing 
gentamicin (S J..lg mrl) and then on medium containing gentamicin (S J..lg mrl) and 
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kanamycin IS /-!g mrl). Double cross-over mutants and thu the knock-out mutant 
were de ignated as Mc. cap ufa/us L\MCA0705 and L\MCAI883, respectively. 
5.4.3 Characterisation of knock-out mutants 
Initially the genotype of the mutant strains was confirmed to ensure the 
removal of the knock-out region. This was done by P R using primers flanking th 
knock-out region. The primers used to confirm L\M A1883 strain were 
pMHA502KOF (5'-TOA AOA TCO ACC CTO CA OA -3 ' ) and pMHA502KOR 
(5'-AGG GAT TIC GTG CTC COG TAG-3') and to confirm L\MCA0705 train 
primers pMHA504KOF (5'-ACG GCG AAO TCG TI ACG 0-3 ' ) and 
pMHA504KOR (5'-CCA OOC CAG ACC CAA TOT 0-3 ' ) were used (Figur 5.14). 
(Note: The construction of L\MCA1883 mutant train involved the removal of a 1691 
bp fragment from MCAl883 with the insertion ofa 913 bp gentamicin resistance g ne. 
L\MCA0705 mutant train involved the removal of a 576 bp region from M A0705 
with the insertion of a 913 bp fragment containing the gentamicin resistance gene). 
A. 
2036 bp 
1636 bp 
1018 bp 
B. 
1018 bp 
506 bp 
Figure 5.14 Confirmation of Mc. capsulatus L\MCA 1883 (Gel A) and L\M A0705 
(Gel B) strains. Lane contents: lane 1, negative control; lane 2, PCR u ing DNA 
extracted from wild-type train; lanes 3-4, DNA extracted from mutant train. The 
differences in PCR product ize obtained using DNA from wild-type and mutant 
strain indicated chromosomal knock-out ofMCA 1883 (Gel A) and MCA0705 (Gel B). 
It was unclear what affect knocking out MCAl883 and MCA0705 had on the 
copper transport and MMO expre ion since no obvious phenotype could be detected 
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from both the mutant strains. On NMS agar plates, they grew as well as the wild-type 
strain. Further investigation needs to be done on the mutant strains in order to 
investigate the affect of the mutation on pMMO activity and their ability to express 
sMMO. 
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5.5 Discussion 
5.5.1 Transcriptional regulation of MMO 
The controversy surrounding the transcriptional regulation of the pMMO 
operon from a cr70 promoter by copper was resolved in this study. This was 
accomplished through the combination of a number of molecular techniques, which 
consistently showed the constitutive nature of the pMMO cr70 promoter. 
RT-PCR data initially confirmed the constitutive nature of the pMMO cr70 
promoter in Me. eapsulatus under high and low copper conditions. However, it did not 
give any indication into the relative abundance of the pmoA transcripts under the 
different copper conditions. The RNA dot-blotting data on the other hand suggested 
that the relative abundance of pmoA transcripts did not vary under high or low copper 
conditions. To support this result and to ensure that it was genuine, a number of 
controls were used. It is noteworthy that although RNA dot-blotting can not be used as 
an accurate quantification method for mRNA, it can give a good indication of the 
relative abundance of a particular transcript when appropriate controls are used. In 
addition, by indirectly monitoring in-vivo transcription of the pMMO cr70 promoter 
through the construction of a GFP reporter strain and measuring GFP expression under 
high and low copper conditions, it complemented the RT-PCR and RNA dot-blotting 
data. These data were consistent with the data obtained for Ms. sporium as discussed in 
Chapter 3. 
The data presented in this study differed from those published from previous 
studies (Choi et al., 2003; Stolyar et aI., 2001), which indicated that pmoA transcripts 
were significantly reduced under low copper conditions. Evidence exists which support 
the data presented in this study indicating that transcription from the pMMO cr70 
promoter is constitutive and not repressed under low copper conditions, since sMMO-
minus mutants were able to grow as well as the wild-type strain grown on NMS agar 
plates expressing pMMO under low copper conditions as shown in Ms. sporium 
(mmoX mutants; Chapter 3) and Me. eapsulatus (sMMO-minus transposon mutants; 
Chapter 6). However, it has been extensively shown in earlier expression studies 
performed on cell-extracts obtained from 15 L fermentor cultures that pMMO activity 
decreased with increasing sMMO activity when the copper-to-biomass ratio was low 
and visa versa (Prior, 1985). This is consistent with the observation of significantly 
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reduced pMMO polypeptides on SDS-PAGE when grown under sMMO expressing 
conditions (Choi et al., 2003). In light of this infonnation, it can be concluded that the 
transcription of the pMMO operon is not repressed under low copper concentrations 
and the expression ofpMMO is regulated at a level post-transcription. 
The regulation of sMMO expression is well established to be tightly controlled 
by copper from a cr54 promoter, as demonstrated in this study and in previous studies 
(Nielsen et al., 1996; Nielsen et al., 1997). To this end, it can be suggested that a 
unique 'copper-switch' regulates the expression of sMMO, which is regulated at the 
transcriptional level. 
The exact mechanism regulating the sMMO transcriptional 'copper-switch' is 
not known. However in this study, it was demonstrated using a BHR promoter probe 
vector that MmoR and MmoG were both essential for transcription initiation from the 
cr54 promoter and further clarified the sMMO-minus phenotypes of these mutants 
constructed in Me. eapsulatus and Ms. triehosporium (Csaki et al., 2003; Stafford et 
al., 2003). It was not a surprise to learn that MmoR, a cr54-dependent transcriptional 
activator, was involved in transcription initiation since cr54-dependent transcription 
always requires a transcriptional activator (Reitzer & Schneider, 200 I). However, it 
was interesting that MmoG, a GroEL homologue, was also essential in transcriptional 
activation and this may represent a potentially novel GroEL-dependent transcriptional 
activation mechanism and thus warrants further investigation. 
The point at which copper exerts its ability to repress sMMO transcription was 
investigated by monitoring the transcription of the regulatory genes, mmoR, mmoG and 
rpoN under high and low copper conditions. As expected, the data clearly 
demonstrated that the mmoR and rpoN genes are transcribed under both high and low 
copper conditions. The transcription of mmoG under high and low copper conditions is 
interesting and is consistent with the hypothesis that it is required for transcription 
initiation and not for the post-translational assembly of sMMO polypeptides. 
The exact mechanism by which the sMMO cr54 promoter is regulated is not 
known. cr54 transcriptional activators possess a sensory domain that can respond to 
stimuli in order to activate transcription (Shingler, 1996). Some regulators bind 
activating molecules directly, but there is no evidence of a copper-binding motif on the 
sensory domain of MmoR. As briefly discussed in Chapter 3, some subgroups of (J54 
transcriptional activators operate as a response regulator for two-component regulatory 
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systems. In these systems a sensory histidine autokinase senses an environmental 
signal, which it subsequently transduces to the response protein «j54 transcriptional 
activator) for its activation, which is achieved through a phosphotransfer transduction 
system (Figure 5.15) (Stock et al., 1989). It is possible that the activity of MmoR is 
also regulated by phosphorylation where an unknown sensory histidine autokinase 
phosphorylates MmoR, which in tum activates the initiation of transcription when the 
copper-to-biomass ratio is low. Future experiments could involve mutating the sensory 
domain of MmoR to test the effect on sMMO regulation by copper. 
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Figure 5.15 Phosphotransfer scheme in two-component transduction systems. A) Autophosphorylation: A phosphoryl group is 
transferred from ATP to a conserved histidine residue in the HK B) Phosphotransfer: The phosphoryl group from N-3-phosphohistidine 
side chain is transferred to a conserved aspartate residue in the RR C) Dephosphorylation: The phosphoryl group is finally transferred 
from the aspartyl phosphate side chain to aspartate and Pi via hydrolysis. Abbreviations: HK, Histidine Kinase; RR, Response regulator; 
ATP, adenosine triphosphate; ADP, adenosine diphosphate, Pi, inorganic phosphate. 
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5.5.2 Summary and future prospectives 
In summary, it can be concluded that MMO expression is not regulated by a 
common 'copper-switch', which simply switches the concomitant on/off expression of 
MMO in response to copper. Transcription and expression of the pMMO enzyme is 
regulated at a level post-transcription, where although the pMMO operon is transcribed 
constitutively, the pMMO activity decreases under sMMO expressing conditions. 
Expression of the sMMO enzyme is tightly regulated at the level of transcription by a 
potentially novel GroEL-dependent transcriptional activation mechanism involving 
activation/repression of MmoR or MmoG through an unknown copper-related 
mechanism. The initiation of EP-PCR on sMMO 0-54 promoter in this study 
demonstrated the possibility for introducing random point mutation with varying 
frequency. Such an approach will be beneficial for further studies since it can give a 
better understanding of the mechanism of the transcriptional regulation of sMMO 
expression by copper through the identification of key sites for MmoR binding. In 
addition, it may reveal potential sites for repressor binding, similar to the copper 
homeostasis system in E. hirae, where CopY represses transcription of the cop operon 
under high concentrations of copper (Figure 5.13). 
An observation noted in this study, which was not further pursued due to time 
constraints, was that unlike the pMMO 0-70 promoter, the sMMO 0-54 promoter in the 
BHR vector, pMHA204, was not active in E. coli. A possible explanation why 
transcription of the sMMO 0-54 promoter was not initiated in E. coli could be due to the 
absence of the 0-54 transcriptional activator, MmoR. All 0-54 promoter require a operon-
specific transcriptional activator for initiating transcription from these promoters 
(Shingler, 1996) and the sMMO 0-54 promoter, as it has been shown above, requires 
MmoR for transcription. In a similar experiment, Casaz et al., (1999) investigated the 
regions of 0-54 N-terminal sequences from Klebsiella pneumoniae in E. coli by EP-PCR 
for involvement in positive and negative regulation of transcription (Casaz et al., 
1999). This was done by introducing mutated copies of rpoN from K. pneumoniae into 
an E. coli strain with deleted chromosomal copy of rpoN and measured the ~­
galactosidase activity which was placed under the control of K. pneumoniae nifH 0-54 
promoter. In order for this system to work in E. coli, they reported the requirement of 
expression of the 0-54 transcriptional activator, NifA. Based on this study, it is possible 
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that sMMO 0'54 promoter in E. coli, when supplemented with the transcriptional 
regulators, mmoR and mmoG on a compatible plasmid is likely to be active. This 
would allow mutagenesis studies on the sMMO 0 54 promoter, MmoR, MmoG and 
RpoN to be carried out in E. coli which could be used to unravel the molecular 
mechanism of transcriptional regulation of the sMMO. 
The attempted knock-in mutagenesis approach for constructing a sMMO 
constitutive mutant had to be halted due to lack of time. However, following the 
conjugation of pMHAIOO in Mc. capsulatus, six transconjugants were screened for 
single homologous recombination via mmoX by colony PCR. Unfortunately, no PCR 
products were obtained. There are a number of reasons why no products were 
obtained. Colony PCR often can be inhibited by cell debris and requires optimisation 
or it could be that none of the transconjugants screened were a result of recombination 
via the mmoX gene. These problems can be overcome in future studies by screening 
more transconjugants using purified genomic DNA as template for PCR. Since the 
plasmid for creating such mutant has been already constructed in this study, it would 
be beneficial for future studies to use such a system for isolating a constitutive sMMO 
mutant for expressing site-directed mutants of sMMO hydroxylase generated in this 
lab. 
It is well established that copper plays a central role in methane oxidation in 
methanotrophs and for this reason, a targeted mutagenesis approach was taken to 
characterise some of the copper genes identified in the Mc. capsulatus genome. Two 
knock-out mutants were generated in this study, one in a copper-translocating P-type 
ATPase gene involved in copper transport and the other in a NRPS, which might be 
involved in the biosynthesis of siderophore such as methanobactin. Unfortunately no 
phenotypes for these mutants were observed. However it cannot be ruled out that they 
are not involved in copper transport since there seems to be multiple copper transport 
systems in methanotrophs. For example, there are several genes encoding for copper-
translocating P-type ATPase and a mutation in one copy may be compensated for by 
another. In order to investigate the copper transporting system in methanotrophs, it 
may require multiple mutations in copper transporting genes. One of the factors 
limiting genetic manipulations in methanotrophs is the lack of suitable selectable 
antibiotic markers. In future studies these problems can be circumvented by using a 
Cre-loxP system (Figure 5.16) where the antibiotic marker could be recycled to create 
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multiple gene disruptions as shown in M. extorquens AM 1 (Marx & Lidstrom, 2004) 
and Dictyostelium discoidem (Faix et at., 2004). 
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Figure 5.16 ere-lox system for antibiotic marker recycling in Gram-negative bacteria. An example knock-out mutagenesis strategy of a 
copper gene in Me. eapsulatus. Plasmid 1 is used to create a knock-out mutant by marker-exchange mutagenesis, where the selectable kmR 
gene is flanked by loxP, which are sites for recombination. Plasmid 2 contains ere recombinase and when introduced in the mutant strain, 
it will remove the Knl cassette through intramolecular recombination and leaves a kanamycin-sensitive mutant strain. 
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Chapter 6 
A global search for genes involved in MMO regulation 
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6.1 Introduction 
The rapid explosion in whole genome sequencing of a number of microbial 
organisms over the past 1 ° years has generated unprecedented amounts of sequence 
information. To date there are 343 complete microbial genome sequences available at 
NCBI alone and a further 586 microbial genome sequencing projects that are currently 
in progress (May, 2006). In addition, in recent years there has been increasing interest 
in carrying out genetic analysis of bacteria other than E. coli. One group of organisms 
that has received considerable interest over the past 30 years are methanotrophs, such 
as Mc. capsulatus due to their ecological significance in processes such as methane 
cycling and their vast potential for biotechnological applications (See Chapter 1). 
The first genome sequence of a methane-oxidising bacterium, Mc. capsulatus 
(NCBI Accession No: NC_002977) has led to the direct identification of a number of 
targets for mutagenesis for investigating the regulation of MMO on a broader scale. 
The initial decision to capitalise on the genome sequence information was put into 
practice using a hypothesis driven marker-exchange mutagenesis approach. However, 
following the initial construction of knock-out mutants in genes encoding a non-
ribosomal peptide synthetase and a copper-translocating P-type ATPase (See Chapter 
5) it was quickly realised that this method was not suitable since it was time 
consuming and technically involved. Furthermore, the detailed analysis of the MMO 
regulation at the transcriptional level gave further insights into the complexity of the 
molecular regulation of the MMO operons and skewed our perception of the 'copper-
switch' as an on-off switch from pMMO to sMMO expression (Chapter 5). In light of 
this information, it was clearly necessary to proceed with an experimental approach 
which can be used in a high-throughput fashion. In addition, it should also allow the 
retrieval of information on global gene regulation network at the transcriptional 
(mRNA) level or at the translational (protein) level under different environmental 
conditions. This level of study is commonly referred to as 'Functional Genomics' since 
it involves utilising the genome sequence to study genes and the function of the 
resulting proteins (Oliver et al., 2002). The techniques currently available for 
functional genomic studies, which fulfil these experimental criteria to some extent 
include microarray technology, proteomics approaches utilising 2-D gel 
electrophoresis (2-DE) for protein separation coupled with mass spectrometry (MS) for 
protein identification and a genetic approach utilising transposon such as Tn5 for 
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generating random mutants. However, none of these techniques are perfect and without 
pitfalls. 
Microarray technology has rapidly evolved over the past 5 years as a powerful 
tool for understanding the regulation of gene expression in bacteria (Rhodius & 
LaRossa, 2003). In recent years there have been numerous publications on the use of 
micro arrays for studying genome-wide expression profiles of 'regulons', which are 
sets of transcription units controlled by a single regulatory protein (Britton et aI., 2002; 
Manganelli et al., 2001). Microarray methods for determining mRNA levels are 
predominantly based on cDNA micro arrays, where DNA targets are covalently bound 
to a glass slide and cDNAs labelled with flurophores are used as molecular probes for 
hybridisation with the array (Oliver et ai., 2002). Using this system, the transcriptional 
profile of thousands of genes can be represented on a single slide. The major problems 
limiting wide-spread use of cDNA arrays are its high expense and time intensiveness 
to set up a well organised array experiment. In addition, specificity and sensitivity are 
also a problem and require careful experimental consideration (Cook & Sayler, 2003). 
Microarray technology is ultimately based on mRNA and recognising the fact that 
isolated mRNA does not necessarily reflect the situation in-situ can be problematic 
when trying to address certain question. For example the mRNA transcripts of pmoA, 
as briefly discussed in Chapter 3 and in more detail in Chapter 5, can not be 
approximated to protein expression since expression is regulated at a post-
transcriptional level. Due to these reasons, a microarray approach to survey the Mc. 
capsulatus genome for MMO regulatory genes was not pursued in this study. 
However, recent studies carried out in Harald B. Jensen's group (University of Bergen) 
are focusing on the development and optimisation of a microarray protocol for 
surveying the genome-wide transcriptional regulation of gene expression in Mc. 
capsulatus under different copper conditions. The initial analysis of the preliminary 
data looks very promising (Live 1. Bruseth, personal communication) and will be an 
excellent platform for complementing the data presented in Chapter 5. 
Over the past 10 years the field of proteomics for studying the global protein 
expression profile in two different states has rapidly developed in parallel with the 
DNA sequencing technology (Griffin et al., 2001). Proteomics combines the 
traditional protein separation technique of 2-DE and MS technology in protein 
detection and measurement as a powerful tool for functional genomic analysis of a 
proteome at a particular cell state. The rapid development of 2-DE and MS technology 
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has allowed for the automation of protein separation and identification and has 
subsequently evolved into a versatile high-throughput method for the simultaneous 
identification of hundreds of proteins in a single operation (Andersen & Mann, 2000; 
Zhu et al., 2003). Despite the advances in proteomics, there are still major limitations 
especially with regards to protein separation using 2-DE. These limitations include the 
bias for highly abundant proteins with the exclusion of low-abundance or very low or 
very high molecular weight proteins. Furthermore, protein separation using 2-DE is 
extremely difficult to automate (Gygi et al., 2000; Patton et al., 2002). These 
limitations in protein separation were circumvented with the development of an 
experimental strategy for quantitative proteomics using a chemical reagent termed 
isotope-coded affinity tags (ICAT) (Aebersold, 2003). Although the ICAT approach to 
proteomics resolved the problem of selective exclusion of some classes of proteins, 
since it did not involve 2-DE for protein separation, it had the inherent limitation of not 
being able to identify peptides lacking a cysteinyl residue. This can be a major problem 
when analysing the proteome of a microbe since >25 % of the proteins lack cysteine 
(Aebersold, 2003). Despite their limitations, both of these proteomics approaches are 
powerful tools for analysing global protein expression profile and have been used to 
survey the proteome of Mc. capsulatus (Fjellbirkeland et al., 1997; Kao et al., 2004). 
Therefore, a proteomics approach for analysing the proteome of Mc. capsulatus was 
not considered as part of this study since it had already been done. However, the 
identification and analysis of an outer membrane protein termed MopE by 
Fjellbirkeland et ai, (1997) using the 2-DEIMS approach, revealed the responsiveness 
of MopE to copper (Karlsen et al., 2003). In light of these data, the initial aim of this 
study was to analyse an or! (MCA2590) located immediately upstream of mopE and 
investigate whether it played a role in MMO expression. 
Bacterial transposons are DNA segments often termed 'mobile genetic 
elements' that can move from one location on a DNA sequence and insert themselves 
into another and in doing so generate mutations by means of insertional inactivation in 
a randomised fashion (Berg & Berg, 1983). A number of different families of 
transposons have been discovered to date, however, since the initial discovery of the 
Tn5 transposon, several sophisticated vectors carrying antibiotic resistance genes 
based on Tn5 have been developed, which allow the introduction of the transposable 
element into the genome of different bacteria (Simon et al., 1983; Simon, 1984). 
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The Tn5 transposon has now been around for several decades and since its 
initial discovery it has proved to be an extremely powerful tool in bacterial genetics. 
Even prior to the genomic era, transposon mutagenesis experiments greatly facilitated 
the global search for genes involved in different biological processes including the 
genes encoding for bioluminescence in Vibrio fiseheri and naphthalene degradation in 
Klebsiella pneumoniae (de Bruijn & Lupski, 1984; Rossignol et al., 200 I ). One of the 
major advantages of this approach, making it a very powerful tool for surveying the 
genome of Me. eapsulatus for genes involved in MMO regulation, over the previous 
two approaches described above, is that transposon mutagenesis usually involves gene 
disruption. Since one of the definitive ways of linking a gene encoding a particular 
protein to its function is by mutagenesis, transposon mutagenesis was the strategy of 
choice in this study to address the question of MMO regulation by copper. It is 
noteworthy, since the subsequent analysis of the location of the transposon required 
the cloning of the transposon together with the flanking DNA sequence, Me. 
eapsulatus was used for this study since the annotated genome sequence was available. 
In order to take advantage of this approach, a phenotypic screen for the 
detection of the desired class of mutants is absolutely essential and this is often the 
major factor limiting its widespread use since the phenotype of a gene is often not 
known. Furthermore, on the occasions when the phenotype of a mutant is known, it is 
not always possible to develop a rapid screening system. In light of this information, 
the development of a transposon mutagenesis protocol and the development and 
analysis of a high-throughput genetic screening method for the global search of the 
genes involved in MMO regulation in Me. eapsulatus, formed the main aims of this 
study. 
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6.2 Characterisation of the surface associated protein, SapE 
6.2.1 Introduction and rationale of this study 
The initial work carried out by Fjellbirkeland et at, (1997) on the global survey 
of the outer membrane proteins in Me. eapsulatus via a proteomics approach, led to the 
identification of five major outer membrane proteins, which were designated as 
MopA-E (Fjellbirkeland et al. , 1997). The protein designated as MopE, a 66 kDa 
protein, was of particular interest since it was shown to be localised on the cell surface 
and periphery of the cell. In addition, the expression of MopE was shown to be 
regulated by copper and was found to be highest under low copper conditions (i.e. 
sMMO expressing conditions) (Karlsen et al., 2003). Furthermore, under low copper 
condition, a 46 kDa protein was secreted into the growth medium, which was shown to 
be the C-terminal part of MopE and was designated as MopE * . 
The sequencing of the Me. eapsulatus genome and the subsequent 
bioinformatics analysis revealed the presence of an orf (MCA2590), which was 
designated as sapE (§urface ~ssocated Qrotein) due to its cell surface localisation. The 
sapE gene was located 5' of the mopE gene. Further work demonstrated the 
responsiveness of SapE expression with respect to copper in a similar fashion to that of 
MopE described above (Kindingstad, 2003). The genetic arrangement of mopE and 
sapE in the chromosome (Figure 6.1) and their apparent co-regulation under low 
copper conditions coupled with the fact that MopE was involved in binding copper 
(Anne Fjellbirkeland, personal communication) warranted further investigation, 
especially with regards to MMO regulation. 
sapE 
I 500 bp I 
mopE 
TERM 
I 
Figure 6.1 The arrangement of the putative sapElmopE operon. The bioinformatics 
analysis used to predict the putative promoter (P) and transcription termination site 
(TERM) were described by Karlsen et al. , (2005). 
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The hypotheses of this study were based on the following experimental 
observations. MopE was found to be easily degraded under low copper conditions to 
MopE*, however, this degradation was prevented in the presence of protease inhibitors 
(Anne Fjellbirkeland, personal communication). Therefore it was speculated, due to 
the close correlation of SapE and MopE expression, that SapE may be involved in the 
proteolysis of MopE. In addition, as mentioned above, MopE was shown to bind 
copper and thus one of the working hypotheses was that SapE and MopE are involved 
in copper transport to the cell and therefore may be involved in the regulation of MMO 
expression. To this end, in a joint collaboration with Dr Anne Fjellbirkeland, 
phenotypic characterisation of MopE (Anne Fjellbirkeland, University of Bergen) and 
SapE (This study) mutants were initiated in this study. 
6.2.2 Construction of Me. eapsulatus tJ.sapE mutant strain 
The construction of a mutant strain of Mc. capsulatus defective in its ability to 
express SapE will allow the above hypotheses to be thoroughly tested. The strategy 
used to knock-out a DNA portion internal to the sapE gene was similar to the strategy 
used to construct knock-out mutants of mmoX described in Chapter 3 and NRPS and 
copper targets described in Chapter 5. Two internal DNA portions of sapE, designated 
as product A (2165 bp) and B (1611 bp) were PCR amplified using primers listed in 
Table 6.1. 
Table 6.1 PCR primers used to amplify internal DNA portions of the sapE gene. 
The sequences highlighted in red and in bold face indicate the in-frame introduction of 
restriction sites, as indicated by primer names, to facilitate cloning. 
Primers Scqucnce Product 
sapE-AF-XbaI 
sapE-AR-SphI 
sapE-BF -SphI 
5'-CGCCGTCATCTAGAATTCACTGT-3' 
5'-CCA TTCAGCA TGCTCACGATCTC-3' 
5'-GTTCTGTGCA TGCTGGCCA TGA T -3' 
sapE-BR-HindIII 5'-TGCCGTTGAAGCTTGACCACTTG-3' 
A 
B 
The peR products A and B were cloned into the suicide vector, pK18mob via 
XbaI and HindIII sites to yield the intermediate construct pMHA506.1. A 913 bp SphI 
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fragment containing a Gm R gene was obtained from p34S-Gm, which was 
subsequently cloned into the SphI site located between products A and B in 
pMHA506.1 to give the final construct, pMHA506 (Figure 6.2). Prior to conjugation, 
the construction of the suicide vector, pMHA506 was confirmed by restriction digest 
analysis in addition to sequencing using the universal M 13 forward and reverse 
primers. 
Electrocompetent cells of E. coli S 17.1 'Apir were transformed with pMHA506 
and the resulting transformants were used as a donor strain for conjugation with Me. 
capsulatus using methods described in Section 2.5.1. The respective transconjugants 
were initially selected on NMS agar plates containing gentamicin (5 Ilg mr'), which 
selected both single and double homologous recombinants. These were then 
subsequently selected on NMS agar plates containing gentamicin (5 Ilg mr') and 
kanamycin (15 Ilg mrl) to separate the single recombinants from the double 
recombinants. Note: Only single recombinants will be able to grow on NMS agar 
plates containing kanamycin (15 Ilg mrl), since transconjugants resulting from double 
homologous recombination lose the plasmid backbone containing the kanamycin 
resistance gene and thus become sensitive to kanamycin. 
From the 68 transconjugants screened, only 6 were found to be a result of 
double homologous recombination, since they were unable to grow on NMS agar 
plates containing kanamycin (Figure 6.3). Isolation of the double homologous 
recombinants yielded a Mc. capsulatus AsapE mutant strain, with an internal portion of 
sapE gene replaced with a gentamicin resistance gene. 
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Figure 6.2 Schematic representations of the cloning steps involved in the 
construction of the suicide vector, pMHA506. Re triction sites highlighted in red are 
those introduced during peR amplification and are involved in cloning. 
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Figure 6.3 Confirmation of the isolation of 6 double homologou recombinant 
(transconjugants 20, 33, 34 36, 46, and 50) selected on NMS agar plate containing 
gentamicin (5 ~g mr1) and kanamycin (15 ~g mrl). A tran conjugant re ulting from 
single homologous recombination was used as a positive control. 
6.2.3 Confirmation of the Me. eapsulatus AsapE genotype 
In order to confmn the genotype of the Me. capsulatus !::.sapE mutant strain, 
genomic DNA was isolated from the wild-type and mutant strain as de cribed in 
Section 2.3.1. PCR primer apE-KO-F (5'-TGA ACT GCA GCC AGT GA -3 ') and 
sapE-KO-R (5'-GAG AAC GGA ACC GTT GTG-3') were designed out ide the 
knock-out region, which is the region flanking the SphI ites located between product 
A and B (Figure 6.2). PCR amplification with ap -KO-F and apE-K -R primer 
using DNA extracted from wild-type and mutant strain yielded products with different 
sizes as expected and thu confirmed the partial removal of the apE gene and 
insertion of a gentan1icin re istance gene. Note: The knock-out region of sapE wa 363 
bp and the corresponding gentamicin resistance gene was 913 bp. Therefore, when the 
primers designed against the DNA sequence flanking the knock-out region wer u ed 
a larger (i.e. + 550 bp) PCR product was obtained from the PCR reaction u ing apE 
DNA as template (Figure 6.4). 
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Figure 6.4 Confmnation of Mc. capsulatus !:lsapE genotype by PCR. Agarose (1 % 
w/v) gel containing PCR products amplified from DNA extracted from Mc. capsulatus 
wild-type strain and Mc. capsulatus !:lsapE strain, which yielded 697 bp and 1247 bp 
PCR products, respectively. The size difference of the PCR products confirmed the 
genotype of the Mc. capsulatus !:lsapE mutant strain. 
In addition to the PCR confirmation of the genotype of the !:lsapE mutant 
strain, the removal and thus the knock-out of the internal DNA portion of the apE 
gene in the mutant strain was also confirmed by Southern hybridisation. PCR primers 
sapE-Out-F (5'-GTA GAC CGC ACC AAC GAT CC-3') and sapE-Out-R (5'-CGA 
ATG GCA CGG TGA ACA GG-3') were designed to amplify a 229 bp DNA 
fragment from within the knock-out region. The PCR product was then subsequently 
used as a probe for probing a Southern blot containing DNA extracted from Mc. 
capsulatus wild-type strain and /)sapE strain as described in Section 2.7.4 (Figure 6.5). 
The Southern blot clearly confirmed the removal of the internal DNA portion 
of sapE gene in the !:lsapE mutant strain, since no hybridisation signals were observed 
with DNA extracted from the mutant strain following Southern hybridisation with the 
knock-out region. 
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J/c. (WT) Mutant 34 Mutanl46 
EcoRI san EcoRI Sail E('oIU Sail 
Figure 6.5 Confirmation of Me. eapsulatus l1sapE genotype by outhern 
hybridisation. Southern blot containing EeoRI and Sall DNA digests of Me. eapsulatu 
wild-type and l1sapE strain hybridized with the knock-out region of sapE. Note: DNA 
was extracted from two independent l1sapE mutant strains (Transconjugant 34 and 46), 
which were analysed for the removal of the knock-out region. 
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6.2.4 Phenotypic characterisation of SapE mutant 
One of the hypotheses for the function of SapE and MopE was that they are 
involved in copper transport. If this was the case, inactivation of either SapE or MopE 
would give rise to a mutant strain that could tolerate higher copper concentration for 
methane oxidation when using the sMMO enzyme. In order to test this hypothesis, 
ruapE mutant trains were cultivated on NMS agar plates containing high (1 IlM 
CUS04) and low (no added CUS04) concentrations of copper and the ability of the 
mutant strains to express sMMO were analysed using the naphthalene as ay (Figure 
6.6). 
Figure 6.6 sMMO acttvIty of Me. eapsulatu wild-type (positive control) and 
ruapE mutant strain grown on NMS agar plates containing high (top two plates) and 
low (bottom two plate ) concentrations of copper. sMMO activity was tested using the 
naphthalene assay. The appearance of purple colonies indicates sMMO activity and 
thus sMMO expression. 
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The naphthalene assay confirmed the ability of the mutant strains to express 
sMMO under low concentrations of copper. Furthermore, the mutant strain defective 
in sapE did not have an increased capability to tolerate copper for sMMO expression, 
since on NMS agar plates containing 1 /lM CUS04, no sMMO expression could be 
detected with the naphthalene assay. In addition to these data, the mutant strain was 
cultivated in a 5 L fermentor in batch cultures to investigate the effect of the disruption 
of SapE on growth. Initially the mutant strain was cultivated in NMS medium 
containing 1 /lM CUS04 and then on no added copper medium in the second batch 
(Figure 6.7). 
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Figure 6.7 Growth curve of Me. eapsulatu !:lsapE mutant strain cultivated on 
NMS medium containing 1 /lM CUS04 copper (batch I) and no added copper (batch 
2). The initial detection of sMMO expression by naphthalene assay is indicated. The 
points at which cells were removed for analysis are indicated by circles. 
The disruption of the sapE gene in Me. cap uiaLu !:lsapE mutant train did not 
considerably affect the growth under high and low concentrations of copper. During 
the cultivation of the mutant strain in a fermentor, the sMMO activity wa at 0 
monitored using the naphthalene assay. Again, the sMMO activity was only detected 
during growth under low copper conditions similar to that of the wild-type strain, 
which complemented the data presented in Figure 6.6. Although the disruption of the 
sapE gene did not affect the expression of MMO or the copper tolerance for sMMO 
expression to an appreciable level, the affect on the expression of MopE and the 
proteolysis of MopE to MopE* was nevertheless further investigated. 
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The pMMO and MMO expres ing cell of Me. eap ulatus 'apE mutant 
strain, obtained from fermentor cultures (Figure 6.7), were pun down and the 
respective supernatants were concentrated using Microcon centrifugal filter column 
(Millipore). The concentrated supernatants were analysed for the ecreted protein 
MopE* by SDS-PAGE (Figure 6.8A). In addition, whole cell lysate were analy ed for 
the expression of MopE by Western hybridization using an anti-MopE erum, which 
was done by Anne Fjellbirkeland (University of Bergen) (Figure 6.8B). 
A. B. 
1 2 2 
81.2kDa -+ 
45kDa 
MopE*----+---~ -iiil- MopE---M 
36 kDa 60.7kDa -+ 
li-
Figure 6.8 Analysis of the expression of MopE and the ecretion of MopE* in Me. 
capsulatus /).sapE mutant strain. A. SDS-PAGE analysis of the secreted protein 
MopE* in supernatant obtained from cells cultivated on low (lane 1) and high (lane 2) 
concentrations of copper. B. Analy is of MopE expression by Western blotting using 
anti-mopE serum in whole cell lysates prepared from cell cultivated on low (lane 1) 
and high (lane 2) concentrations of copper. [n each case the MopE* (43 kOa) and 
MopE (66 kDa) are indicated. 
The detection of the expression of MopE and MopE* in Me. eapsulatus apE 
mutant strain indicated that SapE was not involved in the proteolysi of Mop . Thi 
was contrary to the initial hypothesis of the function of apE a di cu ed abo e and 
the data presented in Figure 6.8 were similar to those data obtained u ing the wild-typ 
strain (Fjellbirkeland et af. , 2001; Karlsen et af., 2003). Despite this thorough analysis 
of the /).sapE mutant train, no ob ious altered phenotype was ob erved. 
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6.3 Transposon mutagenesis using mini-Tn5 
6.3.1 Introduction 
The data presented in Chapter 4 and Chapter 5 reaffirmed the unique 'copper-
switch' regulating the transcription of the sMMO operon and thus sMMO expression 
(Nielsen et al., 1996). The identification of mmoR and mmoG and the subsequent 
mutational (Csaki et al., 2003; Stafford et al., 2003) and transcriptional analysis 
(Chapter 5) established their role in initiating transcription of the sMMO genes. 
However, the exact mechanism leading to the repression or the activation of 
transcription of the sMMO operon is largely unknown. To this end, a global search for 
the transcriptional regulation of sMMO expression was initiated in this study using a 
mini-Tn5 transposon with the main aim being to identify key genes involved in sMMO 
transcription. It is noteworthy that transposon mutagenesis, used as a tool for the 
global search of key genes involved in regulating the expression of a particular 
enzyme, requires an easily assayable phenotype to aid in rapid isolation of the desired 
class of mutants. In light of this information, only the regulation of sMMO expression 
was investigated in this study using the transposon mutagenesis approach, since the 
sMMO activity was easily detectable using the naphthalene assay (Brusseau et al., 
1990). In this way, it was theoretically possible to isolate mutants defective in genes 
that are involved at any stage of sMMO regulation. 
In this study, a mini-Tn5 derivative designated as pBSL202 was used to carry 
out transposon mutagenesis since it has been widely used for mutagenesis by 
insertional inactivation and also for insertion of cloned DNA into chromosome 
(Alexeyev et al., 1995) (Figure 6.9). The pBSL202 transposon vector was ideal for this 
study since it was based on a conditional origin of replication from plasmid R6K and 
thus was unable to replicate in methanotrophs. In addition, it had an origin of transfer 
from the broad host range plasmid RP4 allowing the transposon vector to be 
conjugally transferred to a wide range of Gram-negative bacteria. The important 
feature of pBSL202 was that it contained a gentamicin resistance gene within the 
transposable element, which was flanked by the 19 bp inverted repeat sequence that is 
important for transposition (Alexeyev et al., 1995) and the transposase gene lay 
outside the inverted repeat sequence. This feature of the transposon vector prevented 
secondary transpositions, deletions, and inversions (Delorenzo et al., 1990) due to the 
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loss of the plasmid backbone carrying the transposase gene. Thus transposon mutants 
generated with pBSL202 were generally more stable and only one tran poson wa 
inserted per cell, making the downstream analysis less ambiguous. 
KplIl 
Apal 
Sail 
MCS CIa I 
: •.•••••••••.••..•••.••••.••..•.•.•.••. EcoRI 
1 Sma I 
: BamHI 
_ ..a-... t--_ 
Not I 
Pst I 
pBSL202 
Figure 6.9 Physical map of mini-Tn5 transposon vector, pB L202 used for 
insertion mutagenesis described by Alexeyev et al., (1995). Note: The 0 and I region 
indicate the inverted repeat sequence of Tn5 and it constitutes the transposable region, 
which contains a gentamicin resistance gene. 
6.3.2 Mutagenesis 
The transposon mutagenesis experiment was carried out in collaboration with 
Robert Csaki (University of Szeged) where pBSL202 was conjugated into Mc. 
capsulatus using a similar method described in Section 2.5.1. Initially 10 000 mutant 
were selected on replica NMS agar plates containing gentamicin (lO ).lg mrl) and 
screened for sMMO expression using the naphthalene assay. From this creen, 200 
putative sMMO minus mutants were identified, of which only 22 survived. A part of 
this study, the 22 putative sMMO minus mutants, isolated by Robert Csaki were 
further characterised by locating the region of Tn5 insertion within the chromosome of 
Mc. capsulatus. 
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6.3.3 Analysis of the putative sMMO minus Tn5 mutants 
The 22 putative sMMO minus Tn5 mutants isolated by Robert Csaki were re-
analysed, using the naphthalene assay, for their ability to oxidise methane u ing the 
sMMO enzyme (Figure 6.10). 
Figure 6.10 Analysis of the putative sMMO minus transposon mutants for MMO 
expression using the naphthalene assay. Note: The mutants were cultivated on NMS 
agar plates containing gentamicin (10 J.lg mr') and had no added copper. The purple 
colonies indicate sMMO ex pre sion. 
The re-analysis of the transposon mutants indicated that some of the mutant 
initially identified as sMMO minus mutants (LlI, 4, 7, 13,15, 16, and 21) were in fact 
not sMMO minus since they were capable of oxidising naphthalene and thu capable 
of expressing sMMO. This indicated that the naphthalene assay wa prone to yielding 
false negative results. The sensitivity of the naphthalene as ay was indeed a limitation 
of this assay system. Nevertheless, most of the transposon mutants had an MMO 
minus phenotype. In order to further characterise and identify the inactive gene 
responsible for exerting the MMO minus phenotype, the Tn5 transpo on and the 
flanking genomic DNA was cloned using an inverse PCR method described in ection 
2.6.1. 
Genomic DNA wa i olated from the transposon mutants and inver e PCR was 
carried out on circularised genomic DNA fragments using PCR primer Gm-F (5 ' -CCG 
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CGC TCA TCA ATC TCC TC-3') and Gm-R (5'-GGC TACGTC TCC GAA CTC 
AC-3'). The Gm-F and Gm-R primers were designed to anneal to the gentamicin 
resistance gene facing in the opposite orientation (Figure 6.11). 
..... 
... 
.... 
Genomic DNA 
........... 
... 
.... 
........ 
; MCS 
.. ' ... 
. ............. . 
. ........ . 
Genomic DNA 
.................. 
. ........ . 
.......................... 
Kplll-Dral-Apal-X1,ol-SantAccl-Clal-Hilldlll-EcoRI-P~fl-SmaI/XmaI-BamHl-Spel- OII-BsIXI-Sacl 
Figure 6.11 An example illustration of the Tn5 integration into the chromo ome. 
The gentamicin resistance gene was used as a marker to aid mutant isolation. Within 
the Tn5 region a MCS was present, which consisted of a large selection of unique 
restriction sites. PstI and san were frequently used to digest Mc. capsulatus genomic 
DNA since they cut frequently and therefore the resulting PCR product using the Gm-
F and Gm-R primers were relatively small and thus amplifiable. 
The resulting PCR yielded products of various sizes, but products were not 
obtained for all of the mutants using the standard PCR conditions described in Section 
2.6. However, following optimisation of the peR conditions, peR products were 
obtained for most of the mutants. The resulting PCR products were either equenced 
directly using Gm-F or Gm-R primers or sequenced after cloning the peR products 
into pCR2.1-TOPO vector as described in Section 2.4.6. The DNA sequence of the 
PCR products was analysed to locate the po ition of the Tn5 insertion in the 
chromosome of Me. eapsulatus. Results are summarised in Table 6.2. 
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l\lutant LoclIs tag Protein sl\1l\10 Expression 
MCA1204 MmoQ 
2 MCA1394 Hypothetical protein 
3 MCA0866 Oxygen I 
4 NfD 
5 MCA2684 Hypothetical 
6 MCA1205 MmoR 
7 NfD 
8 MCAl194 MmoX 
9 MCA1200 MmoC 
10 MCA1l94 MmoX 
II N/D 
12 MCA1202 MmoG 
13 MCAI894 Hypothetical 
14 MCA2684 Hypothetical 
15 MCA1394 Hypothetical 
16 MCA1542 SdhB2 
17 MCA0866 Oxygen I 
18 NID 
19 MCAll94 MmoX 
20 MCA1200 MmoC 
21 MCA1469 a E Factor3 
22 MCA1200 MmoC 
I Oxygen-independent coproporphyrinogen III oxidase family protein 
2Succinate dehydrogenase catalytic subunit 
2Sigllla-E factor regulatory protein 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
Table 6.2 Summary of the location of Tn5 insertion within the chromosome of 
6.1-6.22 transposon mutants. The DNA sequence of the disrupted genes can be found 
by tracking the locus tags of the genes at NCBI under the accession number: 
NC_002977. The proteins encoded by the disrupted genes are also indicated. 
Interesting sMMO minus mutants (i.e. mutants resulting from insertional inactivation 
of genes other than sMMO structural genes or mmoR or mmoG) are highlighted in red. 
N/D, not done since no PCR products were obtained. 
The characterisation of the transposon mutants and the identification of the 
location of Tn5 insertion within the Mc. capsulatus chromo orne gave further in ight 
into their phenotype with respect to methane oxidation using the sMMO enzyme. The 
identification of mmoQ mutants (6.1), which was capable of expressing sMMO 
indicated that mmoQ was not involved in sMMO expression. This result wa in 
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accordance with data obtained by R. Csaki (University of Szeged) (Personal 
communication). Note: mmoQ encodes for a putative regulatory protein of a two-
component sensor regulatory system. In addition, many of the other false sMMO 
negative mutants were found to be a result of insertional inactivation of non-essential 
genes for sMMO expression and encoded for hypothetical proteins whose functions 
were not known. However, the role of the genes inactivated in ~ 16 and ~2l were 
related to non-essential function for sMMO expression as they encoded for a putative 
flavoprotein (SdhB) subunit of succinate dehydrogenase I and a <l regulatory protein2; 
none of which are essential for sMMO expression. 
Many of the sMMO minus mutants were a result of insertional inactivation of 
the structural genes (i.e. mmoX and mmoC) or insertional inactivation of the regulatory 
genes (i.e. mmoR and mmoG) and thus were not of interest for the purpose of this 
study. But they did confirm these genes as important regulators of sMMO expression. 
The identification of these sMMO minus mutants, however, reinforced the 
practicalities of this method as a system for the global search of genes involved in 
sMMO transcription and expression. 
More interestingly, a number of additional sMMO minus mutants were 
identified, which were a result of insertional inactivation of genes other than the 
sMMO structural genes or the regulatory genes and are highlighted in red in Table 6.2. 
Unfortunately, the functions of the inactivated genes in most of these mutants were 
either not known or no PCR products were obtained. However, ~3 and ~17 were both 
a result of insertional inactivation of a gene encoding a putative oxygen-independent 
coproporphyrinogen III oxidase (CPOs) family protein, which resulted in a sMMO 
minus phenotype in both mutants. Oxygen-independent CPOs catalyse the oxidative 
decarboxylation of coproporphyrinogen-III to protoporphyrinogen-IX (Figure 6.12A), 
which is essential for the biosynthesis of the tetrapyrrole ring of heme. 
In E. coli, the gene encoding oxygen-independent CPOs is termed hemN, which 
contains the conserved cysteine motif CXXX:CXXCXC. These cysteine residues have 
been shown to be essential for oxygen-independent CPO in E. coli by site-directed 
I Succinate dehydrogenase (SDH) is a membrane bound enzyme complex containing a flavour protein 
(Fp), a Iron-sulfur protein (Ip) and a cytochrome bSS8 (cytb). SDH converts succinate to fumarate as part 
of the TeA cycle (Magnusson et al., 1985) 2The crE proteins have been identified in E. coli and S. 
typhimurium and are involved in the expression of genes determining resistance to heat and thus 
maintaining the integrity of the periplasrnic and outer membrane components (Hiratsu et al., 1995; Egler 
et al., 2005). 
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mutagenesis and are thought to be essential for the formation of the iron-sulfur cluster 
required for enzyme function (Layer et aI., 2002). However, some bacteria carry a 
hemN-like gene termed hemZ, which contains only the first three cysteine residues 
(Layer et aI., 2002). In an alignment with other oxygen-independent CPOs, the 
conserved CXXXCXXC hemZ motif was also found in MCA0866 (Figure 6.128). 
Hemes are essential protein prosthetic groups for metabolism in all living 
organisms (Breckau et al., 2003). Therefore, it can be postulated that the putative hemZ 
-like gene in Mc. capsulatus may encode for a heme protein needed for delivery of 
oxygen to sMMO, which is required for the initial oxidation of methane to methanol 
(Hanson & Hanson, 1996). Alternatively, it may be involved in the insertion of the 
essential metal iron centers, found within the a-subunit of the hydroxylase (Elango el 
al., 1997). For the aims and purposes of this study, the role of MCA0866 was not 
further investigated. 
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A. 
M~T 1:J( 1 M 1 M NH CO, H CO, H 
Electron acceptor Electron acceptor 
M---c..:.. -//'.... ............ ~ ;r-\1 "'\ M M "'\ -M 
COl COl 
Coproporphyrinogen III Harderpoqlhyrinogen Protoporphyrinogen IX 
B. 
E. coli HemN 56 Y V H I P F C H K L C Y F C G C N K 
A. elltroplIs HemN 66 Y L HIP F C E N I C Y Y C G C N K 
P. aerogillosa HemN 57 Y V HIP F C AN I C Y Y C A C N K 
R. capslIlatlls HemN 54 Y M H V P F e RR L C W F C A C RT 
s. typflimurillm HemN 56 Y V H I P F C H K L C Y F C G C N K 
V. cllOlerae HemN 79 Y I HIP F C H K L C Y Y C G C N K 
B. /lQlodlirallS HemZ 6 Y I HIP F C E H I C Y Y C D F N K 
BssD 68 T I F L K G C P L R C P W C H N P E 
BioB 47 S I K T G A C P E 0 C K Y C P Q S S 
LipA 88 M I L G A I C T R R C P F C D V A H 
LAM 119 L LIT 0 M C S M Y C R H C T R R R 
PFL-AE 23 I T F F Q G C L M R C L Y C H N R 0 
ARNR-AE 20 T L F V S G C V H E C P Q C Y N K S 
SP lyase 86 I P L A T G C M G H C H Y C Y L Q T 
MCA0866 167 V E A S R G C P F K C E F C L SAL 
Figure 6.12 A. Oxidative carboxylation of coproporphyrinogen-III to protoporphyrinogen-IX by conversion of the propionate side 
chains of coproporphyrinogen-III ring A and B to vinyl groups. B. Amino acid alignments of HemN, HemZ and as well as other proteins 
containing the C:XXXCXXC motif (i.e. Thauera aromatica benzyl succinate synthase-activating enzyme (BssD) , E. coli biotin synthase 
(BioB), E. coli lipoate synthase (LipA), Clostridium subterminale lysine 2,3 aminomutase (LAM) , E. coli pyruvate formate-lyase activating 
enzyme (PFL-AE), E. coli anaerobic ribonucleotide reductase-activating enzyme (ARNR-AE) , and B. halodurans spore photoproduct lyase 
(SP lyase). The amino acid sequences were taken from Layer et al. , (2002). The conserved residues are highlighted in red. 
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6.4 Transposon mutagenesis using a LacZ reporter strain 
6.4.1 Introduction 
The transposon mutagenesis approach, as described in Section 6.3, highlighted 
a few limitations, despite yielding some interesting sMMO minus mutants. Firstly, the 
naphthalene assay was not sensitive enough for the purpose of a high-throughput 
method for the detection of sMMO minus mutants and was prone to isolating false 
sMMO negative mutants. Secondly, the system was very labour intensive and thirdly, 
since the naphthalene assay was based on the ability of sMMO to oxidise naphthalene, 
many of the sMMO minus mutants isolated included those mutated within the sMMO 
structural genes. For the intent and purpose of this study these mutants were not of 
high priority, since the regulation of expression of the sMMO enzyme has been shown 
to be at the transcriptional level (Chapter 4). The main aim ofthis study was to identify 
key genes that are involved in the transcriptional regulation of sMMO enzyme. 
The construction of transcriptional fusions has greatly enhanced the procedure 
for the analysis of complex regulatory networks controlling the expression of key 
genes. To this end, a separate approach was taken to circumvent the limitations 
mentioned above and to fulfil the aims of this study. This approach combined 
transposon mutagenesis with Mc. capsulatus LacZ reporter strain to aid a high-
throughput detection system for isolating sMMO mutants. 
In this study, transposon mutagenesis was carried out on a Mc. capsulatus LacZ 
reporter strain (Chapter 4) as a system for the high-throughput detection of sMMO 
mutants using the MUG assay (See Section 2.10.4) as a screen. As described in 
Chapter 4, the Mc. capsulatus LacZ reporter strain contains an integrated single copy 
of the laeZ gene fused to the mmoX cr54 promoter. Therefore, the transcription and thus 
the expression of the sMMO enzyme can be conveniently monitored by following the 
activity of LacZ. 
The construction of the Me. capsulatus LacZ reporter strain involved the 
integration of the suicide promoter probe vector, pMHA034 into the chromosome, 
which was selected on gentamicin. Therefore the transposon vector pBSL202, as used 
in Section 6.3, was not suitable for this part of this study since transposition of Tn5 
was also selected on gentamicin thus preventing the direct selection of transposon 
mutants. This problem was overcome by using an alternative transposon vector, 
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pAG408 (Suarez et af., 1997) which had similar features in common with pB L202 
(Figure 6.9 and Figure 6.13). In addition, pAG408 was suitable for the election on 
kanamycin and thus allowed a counter selection against the reporter strain for the 
direct selection of transposon mutants. 
A. 
pAG408 
B. 
o 
_-. 1 
gfp ap"A3 
1000 bp 
Figure 6.13 A. The genetic map of the promoter probe gfp-based mini-transpo on 
vector, pAG408 (Suarez el ai., 1997). The ori was based on a conditional origin of 
replication from plasmid R6K and the oriT was from the broad ho t range pIa mid 
RP4. B. The transposable element of pAG408 which contains gfp, aphA3 conferring 
kanamycin resistance and GmR conferring gentan1icin resistance. Note: Only tho e 
restriction sites which are unique within the mobile genetic element and in addition cut 
Me. eapsu!atu genomic frequently are shown. 
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6.4.2 Mutagenesis, screening and isolation of sMMO mutants 
The transposon mutagenesis experiments were performed by conjugation using 
30 ml exponentially growing cultures (00540 0.2-0.6) of Mc. capsulatus LacZ reporter 
strain and 5 ml of overnight cultures of E. coli S 17.1 Apjr strain containing pAG408 
using the method described in Section 2.5.1. The resulting transconjugants or 
transposon mutants were selected on NMS agar plates containing gentamicin (5 Ilg mr 
I) and kanamycin (15 Ilg mrl). By controlling the addition of copper to the medium, 
the isolation of two classes of sMMO mutants was possible. For example, sMMO 
minus mutants were screened on NMS agar plates containing no added copper, 
whereas sMMO constitutive mutants were screened on NMS agar plates containing 
high (5 IlM CUS04) concentrations of copper. The MUG assay was used to follow the 
activity of LacZ and in tum transcription from the sMMO cr54 promoter and thus the 
expression of the sMMO enzyme. 
Following the initial transposon mutagenesis experiment, the respective 
transconjugants were selected on NMS agar plates for sMMO constitutive mutants (i.e. 
those mutants that were expressing LacZ under high concentrations of copper or 
pMMO expressing conditions) (Figure 6.14A) and sMMO minus mutants (i.e. those 
mutants that were not expressing LacZ under low copper or sMMO expressing 
conditions) (Figure 6.14B) using the MUG assay. No sMMO constitutive mutants 
were detected, however, three putative sMMO minus mutants, designated as mutants 
A, B and C, were identified. In order to confirm whether the colonies were viable 
following the MUG assay, they were re-streaked onto NMS agar plates and in addition 
the MUG assay was repeated again to confirm whether these mutants were indeed 
sMMO minus (Figure 6.14C). 
It can be noticed from the initial transposon mutagenesis experiment that the 
frequency of transposition (i.e. the number of transposon mutants per ml of viable Mc. 
capsulatus cells) was very low (2.05 x 10-8). In order to optimise and thus improve the 
frequency of transposition, a number of conjugations were carried out with cultures of 
Mc. capsulatus LacZ reporter strain taken from early, mid and late exponential growth 
phase. The highest frequency of transposition was yielded when conjugations were 
carried out with Mc. capsulatus cells taken from early (OD540 0.2) exponential growth 
phase, which had a frequency of transposition of 2.72 x 10-7 (Figure 6.14D). This was 
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an order of magnitude higher than the initial experiment where Mc. capsulatlls cells 
were taken from late (OD540 0.6) exponential growth phase. 
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A. 
c. 
B. 
o. 
Figure 6.14 Screening transconjugants for sMMO mutant u ing the M a ay. 
Transposon mutants elected on NM agar plate containing high (5 j..lg mrl) 
concentrations of copper for screening sMMO constitutive mutant (A), no added 
copper plates for screening MMO minus mutant (B). he putati MM minu 
mutants identified are highlighted by red circle C ). The viabi lity and the MM 
minus phenotype were re-confirmed by streaking coloni onto NM agar plate 
containing high (plate on the left hand ide) and no added (plate on th right hand 
side) copper following MUG assay. Note: a number of MMO po itive mutant 
capable of expressing LacZ were included on each mutant plate a po itive control. An 
improved frequency of transpo ition wa achieved using Mc. cap ulatu LacZ cell 
taken from early exponential growth pha e CD). 
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6.4.3 Identification and localisation of Tn5 insertion 
To identify the region of Tn5 insertion within the chromo orne of the Me. 
eapsulatus LacZ reporter strain, new primers, 408IP-F (5'-GGT GA T 
AGG ATG TC-3') and 408IP-R2 (5'-TCA CCT TCA C TCT A TG-3) wer 
designed. These primers annealed to target sites within the tran po able lement of 
pAG408 (Figure 6.13B) and in the opposite orientation. Note: It wa not suitable to u e 
the Gm-F and Gm-R primers u ed to analyse the Tn5 location within the sMM minu 
mutants in Section 6.3.3, since these primers would yield multiple P R products due 
to the presence of GmR gene within the chromosome of Me. eap ulatu LacZ r porter 
strain and the transposable element of pAG408. 
Initially inverse-PCR, as described in ection 2.6.1 were carried out using 
genomic DNA extracted from the putative sMMO minu mutant A, B and at two 
different annealing temperatures (56 and 58 °C). In addition, two different 
recircularised genomic DNA digests (P II and Sall respectively) wer u ed a DNA 
template for PCR using primers 408IP-F and 408IP-R2 (Figure 6.15). 
4072 bp 
1636 bp 
1018 bp 
Figure 6.15 Analysis of Tn5 insertion in the chromo orne of Me. eap ulatu LacZ 
by inverse PCR. Agarose gel electrophoresis of inverse PCR products u ing DNA 
extracted from the putative sMMO minus mutant A, B and C. P R reaction carried 
out at 56°C and 58 °c and with PstI and Sail digested genomic DNA recirculari ed. 
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The peR products obtained from both peR reactions usmg two ditferent 
digests of genomic DNA yielded identical sizes of DNA fragments. This was very 
surprising and therefore this was further investigated by Southern hybridisation using 
methods described in Section 2.7. A Southern blot was prepared, which consisted of 
genomic DNA fragments of the putative sMMO minus mutants digested with Ps/I and 
San respectively. The Southern blot was subsequently probed with a 1670 bp fragment 
of the mobile genetic element of the pAG408 transposon vector, which was labelled 
with 32p by random labelling (Section 2.7.4) (Figure 6.16). 
The Southern blot confirmed the inverse peR data (Figure 6.15), which 
suggested that the Tn5 had hot-spotted in one particular region of the chromosome. In 
addition, it confirmed that only a single copy of Tn5 integrated into the chromosome. 
The exact location of the Tn5 insertion within the chromosome of the putative sMMO 
minus mutants was confirmed. This was done by pooling the respective peR products 
yielded from both peR reactions using the PstI digest recircularised, which were 
sequenced using the internal primers, Gm-F and Gm-R described above, prior to the 
purification of the peR products using the methods described in Section 2.4.3. 
The Tn5 was found to have inserted within the lacZ gene in all three 
transposon mutants. In the case of mutant B and e, Tn5 inserted in exactly the same 
position within the lacZ gene (Figure 6.17). 
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A. 
9162 bp 
7126 bp 
5090 bp 
506 bp 
B. 
7cm ... 
(~5.6 kb) 
Pstl 50/1 
ABC A B 
~ Scm 
(~9 kb) 
+- 20cm 
(~0.65 kb) 
Figure 6.16 Analysis of Tn5 insertion in the chromosome of the putative sMMO minus transposon mutants, A, B and C by Southern 
hybridisation. A. Agarose (0.9 % w/v) gel containing genomic DNA of Me. capsulatus LacZ transposon mutants digested with PstI and 
SalI. C. The respective Southern blot hybridised with a 1670 bp KpnI fragment of the mobile genetic element of pAG408 transposon 
vector. The approximate sizes of the DNA fragments hybridised with the probe are shown. 
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A. 
~A 
pr· .. ······················~:::.?·~~~·················· .. ·~rl 
Tn5 0 
mmoX crs.t LacZ LacZ 
B. 
T 
~A CGCATGGTCAGAAGC CGGGCACATCAGCGC 
2135 2136 
T 
TGAACTGCCTGAACT ACCGCAGCCGGAGAG 
2057 2058 
T 
~C TGAACTGCCTGAACT ACCGCAGCCGGAGAG 
2057 2058 
Figure 6.17 A summary of the Tn5 insertion within the chromo ome of the 
transposon mutant A, B and C. A. Schematic representation of the DNA region in 
mutant A following Tn5 insertion within the lacZ gene. The dotted line between the 
P II sites indicates the approximate 5.6 kb DNA fragment detected by outhem 
hybridisation. B. Summary of Tn5 insertion within the lacZ gene and the exact 
location of insertion are indicated by the nucleotide number with re pect to the A TO of 
lacZ gene. 
6.4.4 Sequence analysis of pAG408 and pMHA034 
It was interesting that after screening approximately 1,000 tran conjugant for 
LacZ minus phenotype and thus MMO minus mutants under low copp r growth 
conditions, only three putative sMMO minus mutants were identified, which turned 
out to be a result of insertional inactivation of the lacZ gene. One explanation (apatt 
from the possibility that not enough transconjugants were screened) why no genuine 
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sMMO minus mutants were obtained could be due to homologous recombination 
events occurring between homologous DNA regions between pAG408 transposon 
vector and pMHA034, which was used to construct the Me. capsulatus LacZ reporter 
strain (Chapter 4). Note: For homologous recombination to occur, only as little as 100 
bp is required. 
In order to search for possible homologous regions between pAG408 and 
pMHA034, the transposon vector pAG408 was fully sequenced. This was done by 
digesting the vector with KpnI, which yielded two fragments of sizes 1670 bp and 
4498 bp, which were subsequently cloned individually into pUC 18 vector to yield 
pMHA408A and pMHA408B respectively (Figure 6.18A). The pAG408 fragments in 
pMH408A and pMHA408B were initially sequenced with M13F and MI3R universal 
primers and then fully sequenced by primer walking. The region of homology between 
pAG408 and pMHA034 were analysed using the BLAST 2 sequence alignment tool at 
NCBI (www.ncbi.nlm.nih.gov) (Figure 6.18B). 
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6.5 Discussion and future perspectives 
6.5.1 SapE and MMO regulation 
The identification and characterisation of SapE and MopE in Mc. capslIlatlis by 
Fjellbirkeland and co-workers gave rise to some interesting hypotheses, especially 
with regards to copper transport and thus the regulation of MMO expression. These 
hypotheses were tested in this study by marker-exchange mutagenesis. An internal 
portion of the sapE gene was knocked out and replaced by a gentamicin resistance 
gene, which created a Mc. eapsulatus llsapE strain. This mutant strain was found to 
grow as well as the wild-type strain and in addition was capable of expressing sMMO 
enzyme under low copper growth conditions. Furthermore, since no obvious 
phenotype for this mutant was observed, it was particularly important to confirm the 
knock-out of sapE gene. The deletion of the internal portion of the sapE gene was 
confirmed by PCR (Figure 6.4) and by Southern hybridisation (Figure 6.5). 
The hypothesis that SapE and MopE are involved in copper transport and 
therefore involved in MMO regulation was difficult to prove due to the possibility of 
multiple copper transport systems in Me. eapsulatus (discussed in Chapter 5). An 
increase in the copper tolerance level for methane oxidation via the sMMO enzyme 
would be expected if SapE and MopE were involved in copper transport. However, the 
expression profile of the sMMO enzyme was found to be similar to that of the wild-
type strain and no significant alteration of the copper tolerance for sMMO expression 
was detected, even when the mutant strain was cultivated in a 5 L fermentor where a 
high copper-to-biomass ratio was achieved. Similar results were obtained with the 
llmopE mutant strain, which was also capable of expressing sMMO (Anne 
Fjellbirkeland, personal communication). The hypothesis that SapE might be involved 
in the proteolysis of MopE was shown not to be the case as the N-terminal truncated 
form, MopE·, was detected in the supernatant of the llsapE mutant strain under low 
copper growth conditions. The secretion profile of MopE· in the mutant strain was 
similar to that of the wild-type strain (Karlsen et al., 2003). In addition, the detection 
of MopE using anti-MopE serum in llsapE mutant suggested that SapE was also not 
involved in the expression of MopE. It is noteworthy that marker-exchange 
mutagenesis of the sapE gene did not create a polar affect on the transcription of mopE 
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nor did the in-frame introduction of a HindIIl site within the mopE gene (Figure 6.2) 
affect its expression or the proteolysis of MopE. 
In light of this infonnation, it can be concluded that SapE is not involved in the 
proteolysis of MopE and also it does not playa significant role in MMO regulation. As 
of yet, the exact function of SapE remains to be elucidated. However, the effect of 
copper on the intracellular morphology with the increase in the fonnation of 
intracytoplasmic membranes in the presence of copper has been well established (Prior 
& Dalton, 1985). This coupled with the subcellular location and the expression of 
SapE under low copper conditions, leads to further speculation that SapE may serve a 
non-essential role under these physiological conditions, which is associated with the 
cell membrane. Furthennore, in a recent study, the amino acid sequence of SapE was 
shown to share significant sequence similarity to the bacterial di-heme cytochrome e 
peroxidase (Beep) family of proteins (Karlsen et al., 2005). In general, Beeps are 
associated with the periplasm and serve in a protective role by reducing the 
peroxidases generated in oxidative metabolism (Goodhew et al., 1990). This gave 
further support for the hypothesis that SapE is involved in a process which is 
associated with the membrane. 
6.5.2 Transposon mutagenesis 
The development of a transposon mutagenesis protocol in Me. capsulatus and 
the subsequent identification of sMMO minus mutants using the naphthalene assay 
demonstrated the powerful nature of the transposon mutagenesis system for the global 
search for genes involved in MMO regulation. The naphthalene assay was useful as a 
screen since it did not discriminate between sMMO minus mutants resulting from 
insertional inactivation of genes involved sMMO transcription (i.e. mmoR and mmoG), 
sMMO structural genes (i.e. mmoX and mmoC) or genes involved in post-translational 
modification. The inability of the naphthalene assay to selectively discriminate 
between the different levels of sMMO minus mutants, coupled with the random 
mutagenesis using mini-Tn5 transposon, made it theoretically possible to identify all 
the downstream genes required for the active expression of sMMO. However, the 
focus of this experiment was to selectively isolate mutants at the transcriptional level, 
therefore transposon mutagenesis coupled with the naphthalene assay added 
unnecessary complexity to this system. For example, the sMMO operon is -5.5 kb and 
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therefore this was a large target for Tn5 for inactivating sMMO expression. As it can 
be seen from Table 6.2, many of the genuine sMMO minus mutants were a result of 
insertional inactivation of sMMO structural genes. Therefore, in order to identify 
sMMO minus mutants resulting from insertional inactivation of genes involved in 
transcription of the sMMO operon, many sMMO minus mutants were required to be 
further analysed to locate the Tn5 insertion within the chromosome. The naphthalene 
assay used as a screen for the global search for genes involved in the 'copper-switch' 
for the transcription of the sMMO operon added further to the labour intensiveness of 
this system. In addition, the complexity of the multicomponent sMMO enzyme that 
requires a fully assembled and maturated enzyme complex meant that the sensitivity of 
the naphthalene assay, which is dependent on the presence of active sMMO was low. 
The result of the low sensitivity of the naphthalene assay can be seen in Table 6.2 
where a number of false sMMO minus mutants were isolated following the initial 
screen. Nevertheless, a number of interesting sMMO minus mutants other than the 
sMMO structural genes or sMMO regulatory genes were isolated. Two of these 
sMMO minus mutants (~3 and ~17) were a result of insertional inactivation of 
MCA0866, which was annotated in the genome as a putative oxygen-independent 
coproporphyrinogen III oxidase (CPO) family protein (Ward et al., 2004). In an 
alignment with other oxygen-independent CPO the conserved cysteine motif 
CXXXCXXC was identified and therefore it can be postulated that MCA0866 may 
playa role in the biosynthesis of a terminal oxygenase involved in the delivery and 
transport of dioxygen to the sMMO enzyme, which is required for the initial 
hydroxylation step for methane oxidation. Alternatively, MCA0866 could be involved 
in inserting the binuclear iron center within the a.-subunit of the hydroxylase of the 
sMMO enzyme, which is thought to be the activation site for both dioxygen and 
methane (Elango et at., 1997). Unfortunately, no putative function could be assigned to 
the other mutated gene (MCA2684) that resulted in an sMMO minus phenotype since 
it had no sequence similarity to other known proteins in the NCBI database and thus it 
was only assigned as a hypothetical protein. In addition, several attempts to obtain 
PCR products by inverse PCR to identify Tn5 location in ~ 11 and ~ 18 were 
unsuccessful and therefore prevented further analysis of these sMMO minus mutants. 
As discussed above, the basis for a successful transposon mutagenesis 
experiment very much depends on the assay system used for screening the desired 
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class of mutants. In an attempt to establish a high-throughput screening method for the 
rapid detection of sMMO minus mutants, transposon mutagenesis was carried out in 
conjunction with the Me. capsulatus LacZ reporter strain, where the expression of 
LacZ was assayed using the MUG reagent to monitor transcription of the sMMO (J54 
promoter. This approach allowed for the selective screening of sMMO minus mutants 
resulting only from insertional inactivation of genes involved in the transcriptional 
regulation of the sMMO operon and thus allowed a more focused approach for the 
global search of sMMO regulatory genes. 
The identification of three LacZ minus mutants following the initial transposon 
mutagenesis demonstrated the high-throughput nature of this system as a screen for 
detecting sMMO mutants. Unfortunately, the subsequent analysis revealed the 
insertion ofTn5 into a hot-spot within the lacZ gene. This kind ofTn5 hot-spotting for 
a particular DNA site is not uncommon. The insertional specificity of Tn5 has been 
studied in E. coli where it has been shown to have preferences for certain sites, 
however, Tn5 was ranked amongst the Tn elements with the lowest insertional 
specificity (de Bruijn & Lupski, 1984). Berg et ai, (1980) examined insertion 
specificity of Tn5 in E. coli lac operon where they found less than 5 % of the 
transposon mutants to have Tn5 inserted within the lac operon (Berg et al., 1980). 
Similarly, strong hot-spots were identified in plasmid pBR322 (Berg & Berg, 1983). In 
light of this information, the Tn5 hot-spot for the lacZ gene can be explained. In 
addition, the observation that only 3 LacZ::Tn5 mutants out of the 1,000 were 
identified further suggests that the specificity of Tn5 for lacZ was low and thus did not 
pose a major problem. Nevertheless, the slight affinity of Tn5 for lacZ is indeed a 
limitation of this system, however, this limitation can be relatively easily overcome by 
pre-screening the LacZ minus mutants using the naphthalene assay, prior to analysing 
the mutants further for the location of Tn5 insertion. Note: LacZ minus mutants will 
still be capable of expressing sMMO. This pre-screen will greatly reduce the number 
of mutants that need to be characterised and thus reduce the labour intensiveness of 
this system. 
The DNA sequence comparison between the LacZ promoter probe vector 
pMHA034 and the transposon vector pAG408 revealed three homologous regions. 
This is potentially a problem, since it will increase the likelihood for recombination 
events to occur. The occurrence of recombination between the promoter probe vector 
and the transposon vector is one possible explanation why no LacZ minus mutants 
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were obtained that also had a sMMO mmus phenotype. However a more likely 
explanation why no LacZ minus mutants were obtained could be down to the obligate 
nature of M. eapsulatus. Although sMMO minus mutants are capable of growing under 
low copper conditions using the oxidation capacity of pMMO, the pMMO activity is 
known to decrease with decreasing copper concentration (Prior, 1985). As a result 
transposon mutants selected for LacZ minus and thus sMMO minus phenotype under 
low copper concentrations will generally be under a counter-selection pressure by 
those mutants not defective in sMMO expression. 
6.5.3 Summary and future perspectives 
The data presented in this study indicated that SapE was not involved in the 
proteolysis of MopE. In addition, there were no significant links between SapE and 
MMO regulation and thus for the intent and purpose of this study further experiments 
were abandoned. However, the features of MopE expression, particularly its ability to 
be specifically cleaved by an unknown mechanism and the C-terminal part of MopE to 
be secreted into the growth medium is being further exploited by Anne Fjellbirkeland 
(University of Bergen) as a vaccine delivery system for fish. The demonstration of 
MopE expression and the proteolysis of MopE* to be independent of SapE in this 
study will give further knowledge for the development of such vaccine delivery 
system. 
In general, an experimental approach pursued for the global scale analysis of 
gene regulation needs to be considered carefully and will very much depend on the 
initial scientific problem or question. In summary, in this study a transposon 
mutagenesis approach was taken for the global search for genes involved in MMO 
regulation, where a protocol for random mutagenesis was developed. In addition, a 
number of interesting sMMO minus mutants have been identified. The power of 
transposon vectors as tools for genetic analysis was further extended in this study by 
combining it with a Me. eapsulatus LacZ reporter strain. This system allowed for high-
throughput detection of sMMO minus mutants resulting from insertional inactivation 
of genes involved in the transcriptional regulation of the sMMO operon. 
The transposon mutagenesis experiment based on the Me. eapsulatus LacZ 
reporter strain is set to yield some interesting data, which will give new insights into 
the molecular regulation of MMO expression after some minor modifications. To 
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avoid the possibility of recombination events to occur between homologous DNA 
regions present in pAG408 and pMHA034, pAG408 can be easily modified to remove 
these homologous regions (Figure 6.19). Furthermore, to simplify the downstream 
analysis of Tn5 insertion within the chromosome, an additional conditional origin of 
replication can be engineered within the Tn5 region. This will in effect create a 
plasposon vector, similar to those created by Dennis & Zylstra, (1998). The advantage 
of these vectors is that it will allow for the cloning of the Tn5 region plus the flanking 
DNA region without carrying out inverse peR. The digested chromosomal DNA can 
be simply recircularised and the respective circular DNA fragments can be used 
directly in transformation reactions in E. coli. 
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Figure 6.19 Schematic representation of the cloning strategy for the construction of 
a modified mini-transposon vector pMHA408.2 and a plasposon vector pMHA408. 
pMHA408A and pMHA408B were constructed earlier (See Figure 6.18). 
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Chapter 7 
Final discussion, Summary and Future Work 
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7.1 Final discussion and summary 
The molecular mechanism by which copper regulates the expression of pMMO 
and sMMO ('copper-switch') formed the basis of this project. At the start of this 
project, a great deal of molecular and biochemical information was known about the 
pMMO and sMMO enzymes, but only a limited number of useful genetic tools were 
available. This prevented detailed molecular studies from being carried out. To this 
end, the primary aims of this study were to further develop suitable genetic tools for 
methanotrophs and to use them to gain detailed insights into the molecular mechanism 
ofMMO regulation by copper. 
The initial identification of the sMMO regulatory genes, mmoR and mmoG, in 
Mc. capsulatus (Csaki et al., 2003) and Ms. trichosporium (Stafford et a!., 2003) 
initiated the work presented in Chapter 3. Screening of type I and type II 
methanotrophs by Southern hybridisation using mmoR and mmoG as gene probes 
indicated their presence only in sMMO-expressing strains. The identification of 
duplicate mmoX genes in Ms. sporium led to the cloning, sequencing and the 
subsequent mutational analysis of the sMMO operon. Although both copies of mmoX 
gene were shown to be transcribed, only mmoXl was essential for sMMO activity. In 
addition, construction of sMMO-minus mutant by marker-exchange mutagenesis gave 
insights into the role of the water soluble pigment in siderophore-mediated iron 
acquisition. Ms. sporium has been largely overlooked since its isolation more than 
three decades ago by Whittenbury and co-workers (Whittenbury et al., 1970). 
However, mutagenesis studies and complementation of the sMMO-minus mutants by 
heterologous expression in this study demonstrated its amenability to genetic 
manipulation and opened up the possibility of using Ms. sporium as an alternative 
model organism for future exploration of the molecular mechanism regulating the 
expression ofMMO. 
The ability to monitor gene transcription under different physiological 
conditions represents an invaluable approach to understanding gene expression and 
regulation. In methanotrophs, the limited availability of suitable promoter probe 
vectors for carrying out transcriptional analysis of promoter elements initiated the 
work presented in Chapter 4, where a series of integrative suicide and broad host range 
promoter probe vectors were constructed. The usefulness of the integrative suicide 
vectors were examined by selecting Mc. capsulatus reporter strains carrying a 
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chromosomal fusion between gfp, xylE, kmR or lacZ gene with the sMMO crS4 
promoter. The reporter gene activities were measured from cultures grown under high 
(pMMO expression conditions) and low (sMMO expressing conditions) concentrations 
of copper. The data obtained in all cases confirmed the copper repressible feature of 
the sMMO cr54 promoter and its strict regulation by copper at the transcriptional level. 
In addition, each reporter assay system was assessed for its suitability as a high-
throughput screening method for detecting sMMO mutants. It was found that the p-
galactosidase assay system based on MUG hydrolysis was the most effective method 
for measuring reporter gene activity in a high-throughput fashion, since it did not 
require cell lysis; it was quick, reliable and importantly very sensitive. The BHR 
promoter probe vectors were also shown to be an effective tool for transcriptional 
analysis as demonstrated in M. silvestris and Me. eapsulatus. In M. silvestris, a reporter 
strain carrying a plasmid containing a gfp gene fused to the sMMO cr54 promoter 
indicated the constitutive nature of this promoter under high and low concentrations of 
copper (Theisen et al., 2005). 
In methanotrophs, 'copper-switch' IS a term often used to depict the 
concomitant switch in expression from pMMO to sMMO under copper limiting 
conditions (Stanley et al., 1983). The data presented in Chapter 5 on the transcriptional 
analysis of the promoters responsible for initiating transcription of the pMMO and 
sMMO operons gave crucial insights into the molecular regulation of MMO 
expression and the 'copper-switch'. The data presented in this thesis indicated that a 
common 'copper-switch' did not regulate the expression ofMMO by an onloffswitch. 
Transcription from the pMMO cr70 promoter was shown to be constitutive. This was 
indicated by Me. eapsulatus reporter strain carrying a plasmid containing a gfp gene 
fused to pMMO cr70 promoter. Furthermore, RNA dot blotting experiments 
demonstrated that the relative abundance of pmoA transcripts were similar in Ms. 
sporium and Me. eapsulatus grown under high and low copper conditions. Although 
pMMO activity was not monitored in this study under varying copper concentrations, 
extensive fermentation studies carried out by S. D. Prior (Prior, 1985) demonstrated 
the parallel expression of pMMO and sMMO under low copper conditions where 
pMMO activity was shown to decrease with increasing sMMO activity (Figure 7.1). 
This supports the transcriptional data presented here that indicates transcription of the 
pMMO operon is not repressed under low copper conditions as proposed in an earlier 
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hypothetical model of MMO regulation (Figure 1.8). These data were consistent with 
the observations in sMMO-minus mutants where pMMO alone was able to sustain 
growth under low copper growth conditions. 
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Figure 7.1 Batch growth of Me. eapsulatus on low (0.2 mg/l CUS04) copper 
contammg medium. pMMO (.) and sMMO (~) activity was determined by 
measuring the rate of propylene epoxidation. Figure taken from PhD thesis of S. D. 
Prior (Prior, 1985). 
Based on this information and as discussed in Chapter 5, it can be concluded that the 
regulation of the pMMO enzyme is at a post-transcriptional level and is independent of 
the expression of the sMMO enzyme. 
Expression of the sMMO enzyme was demonstrated to be tightly regulated at 
the transcriptional level by a unique 'copper-switch', where transcription from the 
sMMO cr54 promoter was only initiated under low copper growth conditions. In 
addition, the regulatory genes, mmoR and mmoG were shown to be essential for 
transcriptional initiation of the sMMO genes. Moreover, transcription of mmoR and 
mmoG was shown to be copper-independent. However, it can not be ruled out that 
MmoR and MmoG are regulated post-transcriptionally or by an unidentified copper-
containing protein. The data gained in this study allows an improved model for the 
regulation ofMMO expression in Me. eapsulatus to be proposed (Figure 7.2.). 
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Figure 7.2 A hypothetical model for MMO regulation by copper. Abbreviation: E, RNA polymerase holoenzyme; UAS, Upstream 
activating sequence See text for description of model. 
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The mechanism of MMO regulation based on the proposed hypothetical model 
can be described as follows: 
a) Low copper-to-biornass ratio 
Transcription initiated from the pMMO cr70 promoter is constitutive and thus is 
not affected by the availability of copper. In addition, evidence exists which suggests 
that pmoCAB transcripts are translated under low copper conditions but its etlicicncy 
under these conditions is not known. Since the abundance of the polypeptides 
comprising the pMMO enzyme and the enzyme activity is reduced with decreasing 
copper concentrations, it can be speculated that pMMO expression is negatively 
regulated at the translational level by copper. The pMMO activity is associated with 
the synthesis of intracytoplasmic membranes which is enhanced by copper (Prior, 
1985; Stanley et al., 1983). Therefore, it is also possible that copper may regulate the 
level of expression of the pMMO via its effects on the development of internal 
membranes (i.e. it can be speculated that pMMO is more easily degraded in the 
absence of internal membranes). 
Transcription of the sMMO operon is regulated by a mechanism which allows 
initiation of transcription from a cr54 promoter only when the copper-to-biomass ratio is 
low. Although it has not yet been shown, it can be speculated that the cr54 
transcriptional activator, MmoR, binds to an VAS where it becomes activated by a 
putative copper sensor protein. This allows MmoR to loop over and interact with Ecr54 
where it undergoes a conformational change forming an open complex and allowing 
initiation of transcription. It is so far unknown how MmoR might be activated, 
however, it can be speculated that the hypothetical copper sensor protein could be 
operating as part of a two-component sensor regulatory system, which senses low 
copper concentrations and subsequently activates MmoR by a phosphotransfer 
transduction system (Figure 5.15). The exact role of MmoG is not known, however, 
due to its high sequence similarity to GroEL and its requirement for transcriptional 
initiation of the sMMO genes, it can be speculated that it may play a role in 
assembling MmoR-Ecr54 complex into a transcriptionally competent form. 
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b) High copper-to-biomass ratio 
Expression of pMMO and the production of intracytoplasmic membranes are 
stimulated by copper (Nguyen et at., 1994; Stanley et al., 1983). The mechanism 
involving the delivery of copper to pMMO is not known, however, a recent study has 
exclusively shown association of the copper-containing compound, methanobactin to 
pMMO activity (Kim et al., 2004). Additionally, there are many putative copper 
uptake proteins identified in Mc. capsulatus and therefore there may be other 
unidentified copper delivery systems for pMMO. 
It is well established now that transcription from the sMMO a54 promoter is 
totally repressed by copper and it can be speculated that it could be a result of the 
inability of the putative copper sensing protein to activate MmoR due its repression 
directly by copper. Currently there is no evidence to suggest that MmoR or MmoG 
could be directly repressed by copper since they lack copper binding motifs (Csaki et 
al., 2003; Stafford et al., 2003). Furthermore, it is also possible that transcription could 
be prevented by a copper-containing repressor protein, which is interacting with a) 
MmoR leading to the formation of an inhibitory protein-protein complex, b) MmoG 
thus preventing it from assembling a competent MmoR-Ea54 complex or c) it may be 
competing with MmoR for the VAS. The repression of transcription through 
inactivation of the a 54-dependent transcriptional activator, MmoR, by a repressor 
protein can be supported by an analogous system in Azotobacter vinelandii for 
regulating the conformational switch involved in nitrogen fixation. In this system the 
nitrogen fixing genes, nif, are regulated at the transcriptional level by the a 54_ 
dependent transcriptional activator, NifA, and an anti-activator, NitL The NifL 
regulates the activity of NifA in response to the redox, carbon and nitrogen status and 
is regulated itself by signal transduction protein, GlnK, which becomes covalently 
modified by uridylylation in response to nitrogen deficiency (Little et al., 2006). 
In methanotrophs, a common mechanism seems to be regulating the expression 
of MMO by copper, with the exception of M. silvestris, where a BHR promoter probe 
vector was used to obtained data suggesting the constitutive nature of the sMMO a 54 
promoter. Interestingly, in this methanotroph, the regulatory genes mmoR and mmoG 
were found to be co-transcribed with the sMMO structural genes, which is the operon 
they hypothetically regulate and indicated a potentially alternative mode of regulation 
of sMMO expression (Theisen et al., 2005). In an experiment by Syed and Gralla, 
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(1997) it was demonstrated, through site-directed mutagenesis that a number of 
leucines found in the N-terminal region of a 54 (RpoN) have a role in keeping 
unregulated transcription in check. A number of mutations in these leucines allowed 
leaky transcription to occur in-vivo in the absence of activator protein (Syed & Gralla, 
1997). In light of this information, it can be speculated that a similar mutated a 54 
protein may be present in M. silvestris which allows leaky transcription of the sMMO 
operon from the a S4 promoter in the absence of MmoR and MmoG. Further 
investigations along these lines might also help to explain the constitutive nature of 
this promoter. 
To understand the exact mechanism ofthe copper mediated regulation of MMO 
expression, additional regulatory components, such as anti-activators/repressors need 
to be identified. As it can be seen from the transcriptional regulation of nitrogen 
fixation in Azotobacter vinelandii, as described above, the regulatory systems of a54_ 
depedent transcription is complex and often involves several cascades of regulatory 
components. Therefore, identification of such regulatory components is not trivial and 
to this end a functional genomics approach for the genome-wide analysis was also 
taken in this study. This included establishing a transposon mutagenesis protocol in 
Mc. capsulatus from which a number of sMMO-minus mutants were identified (as 
discussed in Chapter 6). Transposon mutagenesis, despite being a powerful tool, has a 
few limitations and owing to the simple detection of ~-galactosidase activity using the 
MUG reagent and its high-throughput nature, a modified genetic system incorporating 
Me. capsulatus LacZ reporter strain and transposon mutagenesis was developed. The 
simplicity of this system as a high-throughput screening method for the rapid detection 
of sMMO minus mutants resulting from inactivation of genes involved in transcription 
initiated from sMMO a 54 promoter was demonstrated through the identification of 
three LacZ minus mutants. This also highlighted a minor limitation of this system due 
to the specificity of Tn5 for LacZ, however, with some minor modification to the 
transposon vector, as suggested in Chapter 5, this system looks very promising for 
identifying the key regulatory genes involved in the transcriptional regulation of 
sMMO. This system can also be extended to other applications, for example, looking 
at the post-transcriptional regulation of the pMMO enzyme by creating translational 
fusions with the pMMO a 70 promoter and LacZ and subsequently using the reporter 
strain for transposon mutagenesis. 
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In addition to the above approaches, a directed evolution approach using EP-
peR was also taken to identify variant promoters with altered activity and UAS where 
MmoR binds. The amplification of sMMO (J54 promoter with varying frequency of 
mutations fused to LacZ yielded a powerful tool for carrying out detail promoter 
analysis in methanotrophs. This technique can be extended further by developing a 
system which will allow transcription to initiate from the sMMO (J54 promoter in E. 
coli and allow the subsequent rapid analysis of mutated copies ofsMMO (J54 promoter. 
Development of such a system will also allow mutational analysis to be performed on 
the regulatory genes, mmoR and mmoG which will provide detailed information on 
their mode of regulation. 
Overall, the work carried out in this study has given further insights into the 
molecular regulation of methane monooxygenase by copper. This will no doubt serve 
as a good platform for future researchers to further exploit this information and 
together with the availability of a wide range of genetic tools developed in this study, 
will help solve the long-standing quest for elucidating the molecular regulation of 
MMO in methanotrophs. 
7.2 Future work 
A number of questions still remam unanswered, particularly the exact 
molecular mechanism regulating the tight transcriptional regulation of sMMO 
expression and the post-transcriptional mechanisms regulating pMMO activity. The 
short term experimental approaches which can be taken have been discussed in detail 
within each chapter and also above. 
In this study, a molecular approach was taken to gain a deeper understanding of 
the transcriptional regulation of MMO expression by copper. To gain further detailed 
understanding of MMO regulation leading to a greater ability to control the expression 
of MMO enzyme in the environment and in an industrial setting, a biochemical 
approach, in addition to the molecular approach, will be required to elucidate and 
identify other, as of yet undiscovered components involved in the regulation such as: 
• Regulatory proteins involved in the copper-regulated expression of MMO 
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• Proteins/chaperonins involved in the insertion of metal centers and assembly of 
sMMO and pMMO into functionally active complexes 
• Proteins involved in sensing copper levels and the subsequent sequestering and 
transportation of copper to target proteins such as pMMO and copper-
containing repressor proteins involved in the transcriptional regulation of 
sMMO 
The initial way forward to identifying candidate genes involved in the regulation of 
MMO expression and genes encoding for copper sensing and transport proteins, would 
be to exploit the genetic screen, based on lacZ reporter gene and transposon 
mutagenesis, developed in this study. Such an approach would allow for the rapid 
screening of regulatory genes on a global scale. 
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